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FOREWORD 
This  report  was prepared  by Hughes Aircraf t  Company to cover  
work performed under Contract NAS 1-7381 "Preparation and Charac-  
ter izat ion of the Pyr rones  as Thermal  S t ruc tura l  Materials.  " The work 
was adminis tered by the Chemistry Physics  Branch, Langley Research  
Center, National Aeronautic s and Space Administration, with 
Mr.  Warren C. Kelliher as Project Engineer. 
The p rogram at Hughes was performed under the direction of 
Mr .  Boyce G. Kimmel, Head, Plastics Research  Group, Mater ia ls  
Technology Department, Research  and Development Division. 
Dr. Leroy J. Mil ler  directed the synthesis and chemical character iza-  
tion of the polymer sys tems,  and Mr. Lowell E. K a r r e  was responsible 
for  the development of the syntactic foam sys t ems  and the cha rac t e r i -  
zation of both the syntactic and the chemically blown systems.  
The assis tance of Mr .  Ray E. Lawrence in chemical synthesis 
and Mr.  W. Ken Johnson and Mr .  F r e d  H. Smith in fabrication is 
grateful 1 y a c kno w le dge d. 
V 
1. SUMMARY 
This  repor t  descr ibes  the development of techniques for  p r e -  
paring foams with densit ies of 30 and 60 pounds per  cubic foot f r o m  
the Pyrrone  polymers which a r e  formed by the Condensation reaction 
of aromatic  dianhydrides with aromatic  tetraamines.  
The work was divided into two principal phases: feasibility 
studies and the preparation and characterization of Pyrrone foams. 
In Phase I, the feasibility of preparing foams f rom polymers 
formed by the condensation of 3,3'-diaminobenzidine (DAB) with either 
pyromellitic dianhydride (PMDA) or 3 ,3 ' ,  4,4'-benzophenone t e t r aca r -  
boxylic dianhydride (BTDA) was investigated. 
p repare  foams included the controlled heating of Pyrrone  solutions, 
the use  of volatile f i l l e rs ,  the addition of thermally activated chemical 
blowing agents, and the incorporation of lightweight fi l lers.  F r o m  the 
resul ts  of the feasibility studies, the l a s t  two approaches,  blowing 
agents and lightweight f i l l e rs ,  were chosen for  fur ther  study and opti- 
mization. 
methods, heating of Pyrrone  solutions and the u s e  of volatile f i l l e rs ,  
these methods were  not felt  to be adaptable to the fabrication of large 
foam sections. A l s o  a s  a resul t  of the feasibility studies, no fur ther  
effort was expended on the nearly intractable PMDA-DAB polymers. 
Approaches used to 
Although good foams were produced by the f i r s t  two 
In Phase 11, two types of Pyr rone  foam were developed and 
characterized: 
syntactic foam. 
of the compressive and tensile strength over the temperature  range 
f rom -100" to 700"F, thermal  conductivity, and specific heat. The 
resul ts  of this characterization indicate that both types of Pyr rone  
foam show promise a s  thermal  s t ruc tura l  mater ia l s  for  aerospace 
applications. 
a 30-pound chemically blown foam and a 60-pound 
The character izat ion tes ts  included the determination 
1 
2, INTRODUCTION 
The Pyr rones  (polyimidazopyrrolones), a new c l a s s  of polymer 
developed at the NASA Langley Research  Center,  offer promise in 
present  and future aerospace applications! The ladder-like s t ruc tu res  
of these a romat ic  heterocyclic polymers  have a grea te r  proportion of 
a romat ic  cyclic groups than any other developmental polymer. 
Py r rones  may  be synthesized by the reaction of cyclic dianhydrides 
and te t raamines under comparatively simple reaction conditions. 
Depending on the s tar t ing ma te r i a l s ,  two basic s t ruc tu res  can be 
obtained: the "stepladder" and the "ladder" polymers.  In the stepladder 
form,  the polyaromatic moieties a r e  linked by single bonds. The ladder 
polymer is linked by double bonds at each  end of the basic  Pyr rone  unit 
to f o r m  a continuous double s t rand  polymer.  
The principal objectives of this p rogram a r e  the development of 
processing techniques for  the preparation of Pyr rone  foams and their  
characterization as potential thermal  s t ruc tu ra l  mater ia l s .  An implied 
objective is the preparation of Py r rone  prepolymers  with sufficient 
tractabil i ty to allow subsequent processing into a cellular s t ruc ture .  
The p rogram was l imited to  the development and characterization of 
foams with nominal densi t ies  of 30 and 60  pounds per  cubic foot f r o m  
Pyr rones  prepared  by the reaction of 3,3'-diaminobenzidine with ei ther  
3 , 3 ' ,  4,4'-benzophenone tetracarboxylic dianhydride (BTDA) o r  pyro- 
mel l i t ic  dianhydride (PMDA). 
2 
3 .  PYRRONE CHEMISTRY 
The P y r r o n e s  a r e  a c l a s s  of heterocyclic a romat ic  polymers  
having the following moiety a s  a r ecu r r ing  unit in the polymer chain: e:,* 
II 
0 
This type of polymer w a s  prepared  by Bell and Pezdi r tz  under the name 
polyimidazopyrrolones or Pyrrone .  2' 3' 4' 
field, including Dawans and Marvel,  r e f e r r ed  to these  polymers  a s  
polybenzimidazolimides while Colson, Michel and Paufler r e fe r r ed  
to this c l a s s  of po lymers  a s  polybenzoylenebenzimidazoles. 
Other r e s e a r c h e r s  in this 
6 7 
P y r r o n e s  general ly  have been synthesized by the reaction of 
a romat ic  dianhydrides with a romat ic  te t raamines .  The reactions a r e  
i l lustrated by the typical equations shown below for pyromelli t ic dian- 
hydride (PMDA) and 3,3'-diaminobenzidine (DAB). 
PMDA DAB 
0 
I (A-A-A) 
- " . O J  \-H20 
N 
3 
Several isomeric  s t ruc tures  a r e  possible for each of the indicated 
The initial reaction product (I) i s  a polyamide which types of polymers.  
undergoes two successive condensation reactions to form the Pyrrone  
s t ructure  (IV). 
Colson, Michel and Pauf le r  found that the p re fe r r ed  route at tempera-  
tu res  between 130 - 150°C led to the formation of the polyimide (11), 
while others  3 s  
and polybenzimidazole (111) intermediates.  
Two main routes to the fully cyclized polymer a r e  possible, 
found evidence for the involvement of both polyimide 
Although the Pyrrone  ( I V )  is  insoluble, the amine-amide-acid 
(A-A-A) polymer (I) dissolves readily in such solvents a s  N,N- 
dimethylacetamide (DMAc) and N,N-dimethylformamide (DMF), f rom 
which strong, but br i t t le ,  films can be cast .  Cyclocondensation to 
convert (I) to (11) occurs  a t  about 130 to 150°C in a film, and fur ther  
condensation to fo rm IV takes place above ZOO"C, with tempera tures  a s  
high as 250°C required for complete conversion. 7 
One reason for  the interest  in Pyr rones  i s  the possibility of form-  
ing ladder polymers ,  which theoretically should possess  a considerable 
advantage over single- stranded polymers in t e r m s  of stability to radia- 
tion and heat. 
pyromelli t ic dianhydride (PMDA) and 1,2,4,5-tetraaminobenzene ( T A B ) .  
Such a ladder polymer can be formed 2,39496, 7 from 
0 0 
PMDA TAB 
Most of the known Pyrrone  polymers,  however, have only a par -  
1 9 2 9  394 tial  ladder s t ructure  and have been dubbed "stepladder" polymers.  
4 
These polymers  a r e  exemplified by polymers  (IV) and (VI), the la t te r  
being derived f r o m  3 , 3  ',4,4' -benzophenone tetracarboxylic dianhydride 
(BTDA) and DAB. 
BTDA DAB 
VI 
The nature  and extent of crosstinking may have a significant 
effect on the propert ies  of the cured  product. 
ably do not exis t  to a g r e a t  extent, but a three-dimensional polymer 
can resu l t  f rom extensive branching. Two types of stable branching 
s e e m  likely to be present ,  one involving imide linkages (VII) and the 
other having imidazole groups (VIII). 
Simple crossl inks prob- 
V I 1  
v III 
Gelation of the A - A - A  polymer ( I )  occurs  quickly in solution when 
a slight excess  of dianhydride is added, but not when an excess  of 
tetraamine i s  present. 
to be the cause of this gelation, since the amide groups are formed only with 
7 Amide crossl inks (as showninIX) a r e  considered 
5 
anhydride and not with the much l e s s  reactive carboxyl groups. 
crossl inks would appear to be conducive to the formation of imide 
branches o r  crossl inks of the type shown in (VII) and (X) .  
These 
N H - t E H 2 q  0 + oja$ 0 
' c  ' c C-NH 
n II II 0 0 
P H 2  HOOC 0 
I (A-A-A) PMDA 
V 
0 n 
heat 
C-NH 
0 n 
IX 
X 
6 
Using phthalic anhydride and o-phenylenediamine as  model compounds, 
however, Dawans and Marvel  found a tendency to fo rm branches of the 
type indicated by (VIII) and reported none of the type shown in (VII). 
Py r rone  polymerizations have been ca r r i ed  out both in a me l t  
and in solution. P r e f e r r e d  solvents have been DMAc, DMF, dimethyl 
sulfoxide (DMSO), and polyphosphoric acid,  but bis( 2-methoxyethyl) 
e ther  (diglyme), phenol, and pyridine have a l so  been used. Strong 
as well as between bonding between the polymer and the solvent 2,394 
5 the polymer and moisture  f r o m  the air 
between the monomers  and cer ta in  solvents is  also likely. 
has  been noted. Interaction 
With few exceptions, the monomers  always have been the dianhy- 
dr ide and the te t raamine o r  the te t raamine tetrahydrochloride. 
and Jewel1 
chloride in place of PMDA with no apparent change in polymer proper-  
ties. F r e e  tetracarboxylic acids were reacted with te t raamines to 
prepare  polybenzimidazobenzophenanthrolines, a c l a s s  of polymer 
which is related s t ruc tura l ly  to the Pyrrones .  
4 
in phenol a lmost  cer ta inly proceeds in pa r t  through phenyl e s t e r  inter-  
mediates,  although this  was not specifically mentioned in the r epor t  by 
Dawans and Marvel. 
Bell 
5 have reported using 2,5 -dicarbomethoxyterephthaloyl 
P y r  rone synthesis 899 
II II 
0 0 
A pr io r  interaction between the monomers  and other solvents is a lso 
conceivable, and such reactions would a l t e r  the actual  monomers .  
During initial work with these polymers  in polar  solvents such as 
DMAc and DMF, 
infusible and adequate flow could be obtained during cure  only by 
allowing some solvent to remain in the polymer during processing. 
it was  observed that the solvent free polymer was 
7 
Infusibility of the polymer,  which was actually the amine-amide-acid 
( A - A - A )  polymer, was attributed to the strong electrostat ic  attractions 
between the ionic s i tes  on the zwitterionic forms  of the A - A - A  polymer.  
Fo r  the A - A - A  polymer derived f rom 3,3'4,4'-benzophenone t e t r aca r -  
boxylic dianhydride (BTDA) and 3,3'-diaminobenzidine (DAB) this ionic 
s t ructure  is indicated by (XI).  
In o rde r  to avoid the formation of an ionic polymer it was decided 
to employ tetracarboxylic acid derivatives other than the dianhydrides. 
E s t e r s  and imides were suggested a s  being useful monomers  for this 
purpose, the anticipated reactions follow. 
tetraalkyl 
3, 3' .  4,4'-benzophenonetetracarboxylate 
0 0 
n 
(A-A-E) 
-ROH / \-HzO 
8 
VI 
DAB / 3, 3' .  4 ,  4'-benzophenonetetracarboxylic di imide  
XVI 
0 1 
Instead of the A-A-A polymer,  the derivatives (XI1 and XV)of 
the A-A-A polymer a re  obtained, and the -COOH groups a r e  replaced 
with the neutral  -COOR o r  -CONHZ groups. Both p rocesses  can pro- 
duce the same polyimide (XIII) as that obtained by s tar t ing with the 
dianhydride, but different polybenzimidazole derivatives (XIV and XVI) 
a r e  formed. Theoretically, all  p rocesses  eventually lead to the same 
9 
Pyrrone  (VI). However, none of the intermediates a r e  ionic when the 
original monomer i s  either the diimide o r  the te t raes te r .  
The nonionic charac te r  of the intermediates would be expected not 
only to improve the flow propert ies  of the polymers  during cure  but to 
enhance their  solubility in l e s s  polar solvents. Solvents l e s s  polar than 
DMAc should be m o r e  easi ly  removed than DMAc, and the problem of 
hydrolysis of the bound DMAc could be avoided. 
nonionic intermediates (XI1 and XV), the amine-amide-ester  (A-A-E) 
polymer (XII) was prefer red  since e s t e r s  generally have lower melting 
points than amides.  
Of the two possible 
Exploratory work a t  NASA- Langley Re sea rch  Center indicated 
that improved Pyr rones  could be obtained by preparing the polymers in 
ethylene glycol. 
i tes with improved mechanical strength propert ies  could be developed 
with the ethylene glycol res in  systems.  Therefore ,  those resin sys tems 
formed through ethylene glycol e s t e r  intermediates were selected for 
use in the foam development program. 
Subsequent work a t  Hughes lo’ l 1  indicated that compos- 
Initial studies involving oven foaming of the liquid res ins  m e t  
with only par t ia l  success.  
made  by oven foaming, this method apparently.could not be extended to 
preparing foams of relatively large dimensions. 
shifted f r o m  oven foaming these liquid r e s ins  to molding syntactic 
foams f rom res in  powders obtained by precipitating the liquid r e s ins  
i n  water. 
presented in  Section 4. and subsequent work to develop 60 pound per 
cubic foot syntactic foams f rom these r e s ins  is presented in  Section 6. 
Although uniform, fine-celled foams were 
The emphasis was 
The init ial  evaluation of these ethylene glycol type r e s ins  i s  
More recent  r e s e a r c h  a t  Hughes” revealed that the res ins ,  
formed f r o m  DAB and the ethyl alcohol e s t e r s  of BTDA, showed 
mechanical strength values comparable to the BTDA-EG-DAB res ins  
and thermal  propert ies  appreciably superior  to the BTDA-EG-DAB 
resins.  
sented in  Section 4. and subsequent work to develop 30 pound pe r  cubic 
foot chemically blown foams f r o m  this r e s in  i s  presented in Section 5. 
The initial evaluation of the BTDA-EtOH-DAB res in  is  p re -  
10 
4. FEASIBILITY STUDIES 
4 .1  APPROACHES 
Four  approaches for preparing Pyr rone  foams were  considered 
sufficiently promising to warran t  se r ious  investigation. These were  
1. 
2 .  
3 .  
4. 
Removal of solvent f rom a solution of the prepolymer by 
controlled oven heating to leave a cel lular  residue 
Molding of a Pyr rone  containing a suitable volatile f i l ler  and 
subsequent volatilization of the f i l ler  during postcure of the 
P y r  rone 
Curing of a prepolymer containing a heat-sensit ive,  chemi-  
c a l  blowing agent with a suitable decomposition tempera ture  
The molding of a mixture  of the prepolymer and a lightweight 
fi l ler  such a s  hollow glass  spheres .  
I t w a s  found'' that fine-celled, uniform P y r r o n e  foams could be 
prepared by the controlled oven heating of one type of Py r rone  r e s i n .  
Specifically, Py r rone  prepolymers  prepared  in ethylene glycol f rom 
the diacid d ies te r  of the dianhydride and the te t ramine produce foams 
when heated. This method seems  to be equally applicable to Pyrrone  
prepolymers  prepared  f r o m  the reaction of DAB with ei ther  BTDA o r  
PMDA. 
The second method t r ied was a variation of one method for  
obtaining ce ramic  foams.  In  this method, a molding i s  prepared  f rom 
a mixture  of the prepolymer and a fi l ler  which will volatilize during 
the subsequent postcure to leave a porous s t ruc ture .  The relatively 
high postcure tempera tures  required to form the Pyr rone  s t ruc ture  
makes this method ve ry  at t ract ive.  
The success  of the third method, producing a Pyr rone  foam by 
the use  of a thermally activated chemical  blowing agent depends on 
three  main  factors:  (1) the use  of a prepolymer with a controlled 
melting point range, ( 2 )  a sat isfactory mel t  viscosity above the melting 
point and ( 3 )  a blowing agent with a decomposition tempera ture  some-  
what above the melting point of the prepolymer.  
11 
The fourth method is simple in principle - the molding of the 
co r rec t  proportions of prepolymer and a lightweight filler such a s  
hollow glass  bubbles to obtain a composite mater ia l  of the des i red  
density. Ideally, the finished molding should consis t  of uniformly 
distributed, unbroken bubbles in a voidfree cured polymeric mat r ix .  
On the one hand, the prepolymer should be sufficiently advanced to 
preclude the evolution of unduly large quantities of volatile reaction 
products during cu re .  
advanced too far,  excessively high curing p res su res  may be required 
which can  resu l t  in a la rge  fraction of broken bubbles. 
case,  moldings of undesirably high density will be obtained. 
use  of well chosen processing conditions, a fa i r ly  wide range of den- 
s i t ies  should be obtainable by this method. The upper density l imit  
is  that of the cured, unfilled, voidfree polymer, while the lower limit 
will a l so  depend on the t rue density and the packing fraction of the 
gla s s bubbles . 
On the other hand, i f  the prepolymer is 
In the la t ter  
By the 
4.2 OVEN HEATING O F  PYRRONE PREPOLYMERS 
Background 
The f i r s t  Pyr rone  foam was prepared inadvertently during an 
attempt to coat a metal  reed with BTDA-EG-DAB polymer for  dynamic 
modulus measurements .  
ethylene glycol solution by the reaction of DAB with the diacid diester  of 
BTDA. 
ment  of the dynamic modulus revealed a darkcolored,  apparently void- 
f r ee  surface layer  covering a yellow, foam-like mater ia l .  
this unexpectedresult ,  a small  quantity of the same prepolymer in 
ethylene glycol solution was heated for  4 hours a t  300°F. A v e r y  uni- 
form, fine-celled foam, with a density of approximately 33 pounds per 
cubic foot, was the result .  Subsequent postcuring of this foam f r o m  
275" to 600°F yielded a hard, tough foam witha densityof approximately 
26 pounds per  cubic foot. The foam apparently does not form by simple 
volatilization of the ethylene glycol. Usually, a f te r  about 20  minutes 
The prepolymer used had been prepared in 
Examinationof the polymer-coated reeds  following measure-  
Because of 
12 
heating a t  300"F,  the prepolymer solution changes into a rubbery gel. 
The subsequent evaporation of the ethylene glycol then leaves a porous 
Pyrrone. Microscopic examination shows a fine, uniform, relatively 
open-celled s t ruc ture  with an average cel l  diameter  of about 0.0015 
inch. In appearance, the mater ia l  resembles  hard, brown leather.  
Effect of Process ing  Conditions on Density of BTDA-EG-DAB Foams  
A s e r i e s  of s ix  BTDA-EG-DAB prepolymers was prepared using 
varying reaction t imes  a t  reaction temperatures  of 75" and 100°C. 
The BTDA was purified by heating overnight a t  200°C in an  argon 
atmosphere a t  ambient p re s su re .  
no attempt a t  fur ther  purification. 
The DAB was used a s  received with 
The ethylene glycol was purified by 
simple distillation under argon, with the fraction boiling in the range 
of l95O -197°C being collected. 
Purified BTDA, 96 .6  gm (0 .3  mole), was dissolved in 150 ml of 
hot, purified ethylene glycol. The DAB solution was made by adding 
64.2 grn ( 0 .  3 mole) of DAB to 325 m l  of hot, purified ethylene glycol 
while s t i r r ing.  The BTDA solution, heated to a specified temperature  
was added to the DAB solution a t  the same  temperature  while s t i r r ing .  
The resultant solution was then s t i r r ed  for a specified period under 
argon. 
A se r i e s  of foams was made by oven heating a t  various tempera-  
tures  sma l l  quantities of each of the BTDA-EG-DAB prepolymers made 
a s  described in the preceding paragraph. 
r e s in  contained in an aluminum weighing dish was heated at  the speci- 
fied oven temperature  for  16  hours .  
cured f rom 275" to 700°F over a period of 28 hours  in an argon atmos-  
phere. 
postcure. 
I n  each case,  25 g m  of 
The result ing foams were post- 
The density of each foam was measured before and af ter  
The resu l t s  a r e  summarized in Table I. 
Both the synthesis conditions and the pven temperature  markedly 
affect the final foam density of BTDA-EG-DAB foams obtained by this 
method. 
Foams  with postcured densities ve ry  close to 30 pounds pe r  cubic 
foot were made from prepolymer 67A (5  minutes reaction time a t  100°C) 
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Table I. Effect of Processing Conditions on Density 
of BTDA-EG-DAB Foams  
Mixing 
Time, 
minutes 
15 
~ 
Pr epolymer 
Reaction Conditions 
Oven 
Temperature  
" F  
275 
300 
325 
350 
375 
400 
Density, l b / cu  f t  
5 
20 
35 
275 
300 
325 
350 
375 
400 
275 
300 
325 
350 
375 
400 
275 
300 
325 
35 0 
375 
400 
Solution 
Temper a tur e, 
"C 
Before 
Postcure 
Resin 
No. 
6 6A 
After 
Pos tcure 
38.9 
44.7 
36.6 
30.2 
27.1 
23.8 
23.8 
25. 1 
34.6 
29. 0 
25.2 
19. 7 
75 
~ 
66B 
275 
300 
325 
350 
375 
400 
43.8 
42.7 
31.5 
28.0 
21.6 
12.4 
22.0 
25. 9 
29.8 
26.5 
19.4 
12.0 
75 60 
275 
325 
350 
375 
400 
300 
32.1 
31.9 
29.0 
27.6 
23.8 
18.4 
21.5 
22.9 
27.1 
25.6 
22.7 
17. 8 
66C 75 240 
44.7 
53.5 
32.2 
32.9 
32.8 
14.9 
23.9 
26.5 
30.6 
30.8 
25.4 
14. 1 
67A 100 
34.0 
35.3 
33.5 
30. 0 
27.3 
17.4 
24. 1 
24. 4 
31.4 
28. 0 
25.7 
16. 8 
67B 
6°C 
100 
21.3 
21.1 .I. 
1. 
.I. -2 
18.3 
. 19.1 
19.3 
19.8 
:$ 
17.4 
18.3 
.T -,- 
100 
;:Specimen broke. Density not determined. 
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by heating a t  e i ther  325" o r  350°F.  
temperatures  l e s s  than 325°F o r  m o r e  than 350°F resul ted in foams 
with postcured densit ies ranging f r o m  14.1 to 26. 5 pounds per  cubic 
foot. Resins 66A, 66B, and 67B a lso  gave foams with densities re la -  
tively close to 30 pounds per  cubic foot when foamed a t  temperatures  of 
325" o r  350°F. 
Heating any of the prepolymers a t  
Effect of Process ing  Conditions on Density of PMDA-EG-DAB Foams  
The oven foaming of BTDA-EG-DAB prepolymers described in 
the previous section was repeated on a s e r i e s  of PMDA-EG-DAB pre -  
polymers.  
were used. 
temperature  range of 205" -220°C. The DAB was used a s  received. 
The ethylene glycol was purified by simple distillation under argon, 
with the fraction boiling in the range of 195" -197°C being collected. 
Varying reaction t imes a t  temperatures  of 75" and 100°C 
The PMDA was purified by vacuum sublimation in the 
Purif ied PMDA, 87.3 gm (0.4 mole), was dissolved in 100 ml of 
hot, purified ethylene glycol. The DAB solution was made by adding 
85. 7 g m  ( 0 . 4  mole) of DAB to 365 ml of hot, purified ethylene glycol 
while s t i r r ing.  The PMDA solution, heated to a specified temperature,  
was added to the DAB solution a t  the same  temperature  while s t i r r ing.  
The resultant solution was then s t i r r e d  under argon for  a specified 
period. 
A s e r i e s  of foams was made by oven heating a t  various tempera-  
tures  smal l  quantities of each of the PMDA-EG-DAB prepolymers using 
the same  procedure a s  used for  the BTDA-EG-DAB prepolymers.  
before, the density of each foam was measured before and af ter  a post- 
cure  in argon to 700°F. 
As 
The resul ts  a r e  summarized in Table 11. 
Good foams with densities ranging f r o m  19 to 27 pounds per  cubic 
foot were  obtained a t  oven temperatures  of 275" to  325°F. 
somewhat poorer quality with densit ies f rom 15 to 21  pounds per  cubic 
foot were obtained at higher temperatures .  
pared a t  higher temperatures  showed a tendency to crack. 
Foams  of 
In general ,  the foams pre-  
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Table 11. Effect of Process ing  Conditions on Density 
of PMDA-EG-DAB F o a m s  
Oven 
Tempera ture  
" C  
Res in 
No .  
Density, lb /cu  f t  
Be for e After 
Pos tcure  Pos tcure  
Prepolymer  
Reaction Conditions 
275 
300 
325 
3 75 
350 
400 
2 75 
300 
325 
350 
375 
400 
275 
300 
325 
350 
3 75 
400 
275 
300 
325 
350 
3 75 
400 
48.7 22.8 
49.0 24. 7 
39. 8 25.2 
18.2 17.5 
.I 1- : 
20.1 18.7 
45.6 22.5 
42.6 22.8 
32.8 23.6 
23. 0 21.3 
20.9 19.6 
20.4 19.8 
49.4 20.9 
38.6 21.8 
21.1 29. 5 
20.2 19.3 
20.0 19.2 
18.8 19.5 
47. 6 23.3 
38. 1 23.4 
35.3 25.8 
18.7 17. 7 
.b -,* :$ 
19.6 18. P 
Solution 
rempe r a tur  e , 
" C  
Mixing 
Time, 
minutes 
69AR 
69B 
75 15 
75 60 
180 69C 75 
6 9E 100 5 
2 75 
300  
325 
350 
3 75 
400 
59.7 
47.8 
34.5 
:k 
.L 
.I. 1- 
27. 6 
26.9 
26.8 .!. 
:: 
:k 
69F 100 30 
100 
2 75 
300 
325 
350 
375 
400 
58. 1 
42. 1 
40. 8 
20.9 
19.3 
17.4 
21. 8 
18.9 
18.8 
18.8 
17.4 
14.9 
69G 60 
:Sample broken o r  i r regular .  Density not determined. 
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Compressive Strength Propert ies  of BTDA-EG-DAB Foam 
A block of foam measuring approximately 3 x 3 x 3 inches was 
made by oven heating a BTDA-EG-DAB (diacid d ies te r )  res in  fo r  
4 0  hours a t  350°F. 
although a few shrinkage c racks  were evident. 
to 850°F over a period of 57 hours  and an  additional 1-1 /2 hours a t  
850°F resulted in the formation of severa l  large c racks .  
the cracked a reas ,  the sur face  was uniform in appearance.  
cure  darkened the specimen f rom yellow to dark  brown. 
was much higher than those densit ies previously obtained in preparing 
small  specimens.  
The resulting foam was extremely hard and strong 
Postcuring f rom 300" 
Aside f rom 
The post- 
The density 
Compressive specimens, 3/8 inch in diameter  by 3 / 4  inch long 
were  machined f rom the block in  two directions: 
with i t s  axis paral le l  to the ver t ical  direction of the block a s  foamed 
and the "B" direction, with the axis perpendicular to that of the "A" 
specimens. 
the "A" direction, 
The c ompr e s sive yield strength, ultimate c ompre s sive strength, 
and modulus in compression were determined in accordance with 
ASTM D695 from compressive tes ts  run  a t  room temperature .  
the sca t te r  in the resul ts  indicated some non-uniformity in the speci-  
mens,  the initial resul ts  were quite encouraging. Ultimate compressive 
strength values in excess  of 2000 psi were  obtained in both and A and B 
directions.  
strength of the A and B directions is apparent.  
pressive modulus of the B specimens is significantly higher than that of 
the A specimens.  P r i o r  to making the compressive strength measu re -  
ments, the density of each specimen was calculated from weight and 
volume measurements .  
Although 
N o  r e a l  difference in the compressive strength o r  yield 
However, the com- 
The resul ts  a r e  summarized in Table 111. 
Conclusions 
Oven heating can be used to make very  fine-celled foams f rom 
ethylene glycol solutions of Pyr rone  prepolymers prepared f rom the 
diacid-diester of the anhydride and DAB. 
binations of synthesis conditions and oven temperature ,  BTDA-EG-DAB 
By the use  of cer ta in  com- 
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Table 111. Compressive Proper t ies  of BTDA-EG-DAB Foam 
1 
Specimen Specimen 
Type Number 
37.6 2430 
Averages 
4 
Density, 
lb/cu ft 
35.0 1220 
41.3 
40.7 
39.9 
34.7 
Ultimate 
Comp. 
S tr eng th, 
psi  
265* 
2155 
2410 
1610 
2060 
Comp. 
Yield 
Strength, 
psi  
- 
1200 
2300 
1610 
Modulus in 
10 5 psi  
- 
1.41  
1.11 
0.97 
1700 1 . 1 6  
1990 
1390 
1450 
9 50 
1 . 6 1  
1 .42 
2.07 
2.08 
Averages 1730 1440 1 .80  
:$Not included in average 
foams with a nominal density of 30 pounds pe r  cubic foot can be made. 
Other processing conditions can be used to obtain BTDA-EG-DAB foams 
with lower densities in the range of 12-25 pounds pe r  cubic foot. 
PMDA-EG-DAB foams can a l so  be obtained by this process ,  but with 
densit ies in  the range of 20-25  pounds per  cubic foot. 
The success  of this method i s  highly s ize  dependent. Small  d i scs  
of BTDA-DAB foam with a nominal density of 30 pounds p e r  cubic foot 
can be made  readily by this method. 
by this method were  unsuccessful. The final, postcured density was 
significantly higher (35-45 pounds per  cubic foot) for  l a rge r  bil lets of 
foam. In addition, the l a rge r  billets showed a tendency to c rack  during 
cure  and postcure.  
Attempts to make l a r g e r  blocks 
Although modification of the processing conditions might resu l t  in  
some improvement, the prospects of making relatively la rge  sections 
of foam by this method a r e  far f r o m  promising. 
was not pursued further.  
Therefore this method 
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4 . 3  VOLATILE FILLERS 
Di s cus s ion 
One method used successfully in the preparation of ceramic  foams 
involves extruding o r  otherwise forming the ceramic  composition con- 
taining a readily volatilized f i l ler  such a s  powdered polymethylme tha- 
crylate.  
controlled heating cycle.  
two reasons.  
implied that such a method might be applicable to the Pyrrones .  
would be  expected that the density and cel l  s t ruc ture  of the resultant 
mater ia l s  could be very  closely controlled by the amount and particle 
s ize  distribution of the volatile f i l ler  used. 
to volatilize the fi l ler  can  a l so  serve  to postcure the molding to final 
polymeric form. One possible drawback to this method would be i ts  
applicability to the fabrication of relatively large sections which would 
involve the volatilization of relatively large quantities of f i l ler  f rom 
a relatively smal l  surface a r e a .  
P r i o r  to the final firing, the f i l ler  is volatilized by a carefully 
This method was felt to show promise for 
The inherent heat stability of the Pyr rone  polymers 
It 
The heating cycle required 
Screening of F i l l e r s  
Several  thermoplastic molding mater ia l s  were  checked a s  poten- 
tial volatile f i l lers  by oven heating sma l l  quantities a t  700" F. 
temperature  was chosen a s  being a reasonable maximum postcure 
temperature  for Pyr rones .  
methacrylate polymer (acryl ic  ) , polyac e tal, polyethylene, vinyl ac  eta te, 
and polystyrene. 
after 10 minutes a t  700"F, leaving no residue. 
darkened and partially decomposed but did not volatilize af ter  s eve ra l  
hours a t  700°F. 
This 
The plastics evaluated included methyl 
The acrylic cleanly decomposed to  the monomer 
The other plastics 
Based on the foregoing resul ts ,  it was concluded that powdered 
acrylic should be tr ied a s  a volatile filler in combination with powdered 
pr  epolymer s . 
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Prepara t ion  of Foams  
The first molding was prepared f rom a mixture  of 67 percent of 
precipitated, dr ied BTDA-DAB Pyr rone  (made f rom the diacid-diester 
of BTDA with ethylene glyco1)and 33 percent of finely powdered acryl ic .  
A 3/4-inch diameter  by 1 inch thick disc  was molded by applying a 
p re s su re  of 10, 000 psi a t  300°F for  one hour. 
was of uniform appearance and medium brown in color .  
a i r  f rom 275" to 7 0 0 ° F  over a period of 28 hours  apparently volatilized 
the acryl ic  completely leaving a fine-celled Pyr rone  foam with a density 
of 37 pounds per  cubic foot. This  foam was somewhat friable in nature 
which might be attributable to either air oxidation during postcure or to 
poor flow of the Pyrrone prepolymer during molding. 
The resultant molding 
Postcuring in 
A second attempt to prepare  a foam by this method was f a r  m o r e  
successful.  A very uniform, apparently strong foam was made by 
postcuring a disc molded f rom a mixture of 67 percent of a BTDA- 
EtOH-DAB prepolymer and 33 percent of finely powdered acryl ic .  
thoroughly blended mixture  was placed in  a 1-1/8 inch diameter  mold 
a t  room tempera ture  and subjected to a p re s su re  of 10, 000 psi. The 
temperature  was increased f rom room temperature  to 275" F, held a t  
275°F for  5 hours, increased to 500°F over a period of 5 hours and 
cooled to below 200°F. The resulting molding was dark  brown, uniform 
in appearance and had a density of 66. 3 pounds pe r  cubic foot. Post-  
curing f r o m  275" to 700°F in argon seemed to effect complete volatili- 
zation of the acryl ic  to give a cellular Pyrrone with a density of 38. 3 
pounds pe r  cubic foot. 
uniform (see  Figure 1 for  typical c r o s s  section). Most cells were  in  
the range of 0. 002-0. 004 inch with a few cells as la rge  as 0. 007 inch. 
The 
The cel l  s t ruc ture  was remarkably fine and 
A formulation of 53 percent BTDA-EtOH-DAB prepolymer and 
47 percent acryl ic  was calculated to give a postcured density of 
3 0  pounds per  cubic foot making allowance for the weight loss  and 
shrinkage of the Pyrrone  during postcure. 
sition yielded a foam with a density of a lmost  exactly 30 pounds pe r  
cubic foot when postcured in argon to 700°F. 
A molding of this compo- 
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Several  unsuccessful attempts were  made  to prepare  foams with 
higher densit ies up to 60 pounds per  cubic foot by the incorporation of 
sma l l e r  quantities of acry l ic .  
formulations containing 2, 5 and 10  percent  acryl ic  were  mQlded. 
a l l  cases ,  the cuped moldings contained many fine c racks  some of which 
extended through the depth of the specimen. 
P u r e  BTDA-EtOH-DAB prepolymer and 
In 
F igure  1.  Cross-Section of Pyrrone  
F o a m  Made by Volatile 
F i l le r  P r o c e s s  (20X)  
Attempts to p repa re  a l a rge r  piece of foam by the volatilization 
A disc 1 inch thick by of a filler during postcure were  unsuccessful. 
2-1/4 inches in diameter  was molded f rom a formulation containing 
47 percent  acryl ic .  
and had a density of 68.5 pounds per  cubic foot. 
cured f r o m  300" to 700°F over a period of 5 days while the other was 
postcured over the same  temperature  range over a period of 10 days.  
Both halves were  extensively cracked af ter  postcure.  In  addition, it 
was apparent  that  the acryl ic  fi l ler  had incompletely volatilized during 
postcure.  
The molded disc was very uniform in appearance 
Half of the disc was post- 
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In  spite of the incomplete removal of the acryl ic  and the cracking, 
the cel l  s t ruc ture  of the resulting foams was extremely fine and uni- 
form.  The resul ts  obtained serve  to confirm that, a s  anticipated, the 
postcure of Pyrrone-acryl ic  moldings becomes increasingly difficult, 
with increasing s ize .  
.L 
Density, U l t .  Compressive Compressive Yield”’ 
lb /cu  f t  Strength, psi  Strength, psi  
38. 3 5210 1530 
5600 1990 
Averages 540 5 1760 
30. 0 2360 1000 
2810 860 
C o m m e  ssive S t renn  th Proper  t ies 
Modulus In 
105 psi  
1 . 9 7  
2. 04 
2.00 
1.53 
1 .43  
The compressive propert ies  a t  room temperature were de te r -  
mined on the Pyrrone foams with densit ies of 30 and 38. 3 pounds per  
cubic foot. 
foam were  approximately twice a s  high a s  those of the 30-pound foam. 
Table IV which follows gives the complete resu l t s .  
The compressive strength propert ies  of the 38. 3-pound 
Compressive S t r e s s  a t  Proportional Limit 1 -  : 
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4.4 CHEMICAL BLOWING AGENTS 
Discus s ion 
The most  straightforward method of preparing a virtually pure 
plastic foam involves the use of a thermally activated chemical blowing 
agent. 
decomposition of the blowing agent, accompanied by the liberation of 
a gas a t  a temperature  where the plastic exists in the f o r m  of a 
viscous melt .  The viscosity of the mel t  during decomposition of the 
blowing agent must  be sufficiently high to re ta in the l iberated gas .  
On the other hand, i f  the mel t  viscosity is  too high, excessive internal 
p re s su res  may resu l t  in cracking or  fracturing of the foamed 
s t ructures .  
The success  of this method is dependent on the controlled 
Prepolymers  prepared f rom DAB and the tetraethyl e s t e r  of 
BTDA were  felt to be an excellent choice due to their  relatively low 
melting point (120" -130°C). 
expected to foam naturally upon application of heat, due to the evolution 
of ethyl alcohol of reaction. 
foamed Pyrrone  polymers without the addition of a chemical blowing 
agent. 
Prepolymers  of this type would be 
Thus it might be possible to p repa re  
Powdered prepolymers obtained by precipitation f rom ethylene 
glycol solutions were a l so  considered in preparing chemically blown 
foams. However, these mater ia l s  have widely varying ( o r  non-existent) 
melting points. 
dependent on the precipitation procedure used and the resultant amount 
of residual glycol in the precipitated, dr ied prepolymer.  
To some extent, the melting point appears  to be 
Initial Foaming Experiments 
The first chemical foaming experiments involved the heating of 
mixtures of a precipitated, powdered prepolymer, blowing agent and a 
surfactant in a sma l l  aluminum cup contained in a temperature  controlled 
heating block 
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The most  promising foam was obtained initially by heating a 
mixture of 5 gm of precipitated BTDA-EG-DAB prepolymer ( t e t r aes t e r  
type), 0. 05 gm of Celogen AZ.", and one drop of Silicone L-52l1'*" added 
a s  a surfactant. The mixture  s ta r ted  melting a t  291 O F .  At 410"F, the 
mixture was completely melted and a t  428" F, foaming proceeded 
smoothly. The resul tant  foam was ha rd  and tough, though ra ther  la rge-  
celled, and had a density of 18. 3 pounds per  cubic foot. 
J, .L .L 
Fur ther  attempts to produce foams with densit ies of 30 and 
60  pounds per  cubic foot involved heating the prepolymer blowing agent- 
surfactant mixture  in a closed mold. 
necessary  in o rde r  to control the density within reasonably close limits. 
Several  mixtures  were  formulated f rom a precipitated prepolymer p re -  
pared f r o m  another batch of BTDA-EG-DAB resin.  
blowing agent (e i ther  Celogen AZ o r  Celogen RA 
0. 5 to 2 . 0  percent. 
the mixture  did not foam completely. 
pure prepolymer indicated that it did not actually mel t  on heating, but 
merely softened and fused. 
precipitation procedure significantly affected the amount of res idual  
ethylene glycol in the precipitated Pyrrone .  This residual glycol in 
turn affected the foaming charac te r i s t ics .  Those prepolymers which 
contained relatively little residual glycol had no detectable melting 
point and did not form foams when heated with a blowing agent. 
This procedure was felt to be 
The quantity of 
) was varied f rom 
4. .*, J,.,.< ,.,. 
Regardless  of the amount of blowing agent used, 
Melting point tes t s  run  on the 
The re  was a strong indication that the 
BTDA-EtOH-DAR prepolymers a s  synthesized by a mel t  poly- 
merization process  a r e  solid mater ia l s  with a well defined melting 
point in the range of 120°-130°C. It was felt that a prepolymer of 
this type combined with a suitable blowing agent and properly heated 
should yield a Pyr rone  foam. The addition of a blowing agent might 
not be necessary  since the ethyl alcohol of reaction in the form of a 
gas might a c t  a s  a blowing agent. 
"Naugatuck Chemical' s brand of Azobisformamide 
with a decomposition temperature  of 350 OF. 
Silicones Division, Union Carbide 
Naugatuck Chemical (decomposition temperatures ,  415" -435°F) 
.a, .b ,. ,
4- d. .I. ., ., .,. 
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Initial at tempts to prepare  a foam f rom the BTDA-EtOH-DAB 
prepolymer were  not successful.  Some foams prepared by heating pre-  
polymer-blowing agent mixtures  in an  open cup were  low density (about 
11 pounds pe r  cubic foot) and friable. 
s t ructure  caused by par t ia l  collapse of the foam before complete 
hardening of the resin.  
BTDA-EtOH-DAB type could be used in preparing chemically blown 
foams only i f  the proper  curing cycle were  chosen. 
Others  had a non-uniform cell  
It was evident that  prepolymers of the 
Several  additional s e r i e s  of chemically blown foams were  made  
by oven heating mixtures  of BTDA-EtOH-DAB prepolymer and either 
Celogen OT (decomposition temperature ,  266" F) o r  Celogen AZ 
(decomposition temperature ,  350" F). The first foams were made  by 
f ree  foaming mixtures in an  oven a t  350" F and finally curing a t  400" F. 
Both blowing agents were  used in concentrations of 0 . 5  and 1 . 0  percent.  
Strong foams were obtained, but in a l l  ca ses  the ce l l  s ize  was large,  
ranging f rom 1/16 to 3/16 inch in diameter .  
using the Celogen OT a s  a blowing agent and with the oven temperature  
reduced to 275°F. 
densities in the range of 22-24 pounds pe r  cubic foot resulted. The foams 
made a t  275°F were  extremely fragile until postcured for a t  l eas t  
2 hours a t  400°F. 
Foams  were  then made  
Foams  of fa i r  quality with finer cel ls  and with 
Attempts were  then made to increase  the foam density by heating 
mixtures containing successively sma l l e r  amounts of C elogen OT 
blowing agent. Mixtures containing, respectively, 0.25, 0. 12, 0 .  06 
and 0 . 0  percent  blowing agent a l l  yielded foams with densities in the 
range of 22-24 pound cubic foot. 
was largely due to the evolution of volatiles during heating. 
This indicated the foaming observed 
Since satisfactory foams in either a 30 o r  60 pound density could 
not be obtained by the f ree  foaming technique, heating the mixtures  in 
a closed mold was initiated. 
powdered foamant is placed in a mold. 
by the application of p re s su re .  
tially and a s tee l  sh im (or  land) of the co r rec t  thickness i s  inser ted 
to establish a mold volume calculated to yield a foam of the required 
By this technique, the c o r r e c t  quantity of 
The mater ia l  is then preformed 
The top punch is  then withdrawn pa r -  
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density. 
tu res  a t  275°F was shown to yield foams with a fine, uniform ce l l  
s t ruc ture  ( see  F igures  2 and 3 ) .  
5 0 0 ° F  was found to be necessa ry  to give foams which were  not fragile 
and fr iable .  The curing conditions finally adopted a s  s tandard in  p r e -  
paring chemically blown foams were  the following: 
the foaming mixture  is  placed in  a cold oven; the oven tempera ture  is 
increased  to 275°F  over a period of approximately 20 minutes, the tem- 
pera ture  is maintained a t  2 7 5 ° F  for 5 hours  and then increased  f r o m  
275" to 500°F  over a period of 5 hours .  
Heating of BDTA-EtOH-DAB prepolymer-Celogen OT mix- 
A fu r the r  programmed cu re  up to 
the mold containing 
The presence  of a sma l l  quantity of Celogen OT was found to be 
essent ia l  in  making fine-celled, uniform foams in  a closed mold. Foams  
prepared  f r o m  the pure  prepolymer w e r e  relatively coa r se  and not 
near ly  so uniform a s  those prepared  f r o m  mixtures  containing the 
blowing agent. 
F igure  2.  Cross-Sect ion of Chemically 
Blown Pyr rone  Foam 
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S inc 
F igure  3. Cel l  Structure  of 
Chemically Blown Pyr rone  
Foam ( 2 0 X )  
high shrinkage (approximately 20 volume-pe cent) occurs  
during curing, some foam moldings were  found to have one o r  more  
large shrinkage c racks  in the center .  These c racks  were  apparently 
caused by a combination of curing shrinkage and the molding sticking 
to the s ides  of the mold. 
away f rom itself. 
the inside of the mold with a thin layer  of polytetrafluorethylene. 
In other words,  the mater ia l  l i teral ly  shrank 
This problem was completely eliminated by coating 
The method of mixing the prepolymer and blowing agent was 
found to affect markedly the quality and uniformity of the result ing 
foam. Initially, mixtures  were  prepared by s imple grinding in a 
m o r t a r  and pestle. The foams made f rom mixtures  compounded in 
this way were  inconsistent in quality and very  often contained la rge  
bubbles. 
Intimately blended mixtures  were  obtained by mixing the ingre-  
dients in a high shear  blender along with an ine r t  liquid which a c t s  as a 
suspension medium. 
by fi l tration and drying, i t  should be relatively volatile. 
Since this liquid must  be removed subsequently 
One liquid 
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which m e t  the above requirements  in  addition to being non-toxic and 
non-flammable was F reon  TF::. Excellent foams with cel l  s izes  in the 
range of 0. 008-0. 020 inch were  prepared  from mixtures  prepared  with 
the aid of this compound. 
ence in  foam quality obtained by the two mixing methods. 
F igure  4 shows plainly the pronounced differ- 
Effect of Pos tcure  on BTDA-EtOH-DAB F o a m  
A block of BTDA-EtOH-DAB foam with a nominal density of 
30 pounds per  cubic foot was taken for  the posture study. 
half-inchdiameter,  1 inchlong cylindrical  specimens were  machined f r o m  
Thir ty-s ix  
F igure  4.  Effect of Mixing Method on Uniformity 
of Pyr rone  Foams  
.*. *P 
DuPont ' s grade of tr  ichlor otr  ifluor oe thane a 
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the block with the axes perpendicular to the 4-1/2 x 6-1/2 inch faces .  
The specimens were  randomly divided into six se t s  of s ix  specimens 
each and were  assigned to the following postcure cycles conducted in 
argon with a ra te  of temperature  r i s e  of 25"F/hour .  
No. 1 Room temperature  to 500°F 
No.  2 Room temperature  to 600°F 
No. 3 Room temperature  to 700°F  
No.  4 Room temperature  to 800°F 
No.  5 Room temperature  to 850°F  
No. 6 Room temperature  to 850"F, plus one hour a t  850°F.  
After identifying, weighing and mea suring individua 1 specimens,  
each s e t  of s ix  specimens was sealed in a smal l  stainless s tee l  bag 
equipped with a tube to admit argon and a smal l  vent. 
bags were  connected to an  argon cylinder by means of a manifold. The 
sealed bags were  placed in a large,  forced draf t  oven equipped with a n  
accurate  programming controller.  Each  bag was removed a t  the 
appropriate point in the postcure cycle.  
again weighed and measured.  
weight, dimensions and resultant density of each specimen was calcu- 
lated. The resul ts  a r e  shown in Table V. 
A l l  of the s tee l  
Individual specimens were 
The effect of each postcure on the 
t 
Table V shows that both the weight loss and shrinkage a r e  s i g -  
nificantly affected by the type of postcure.  
shrinkage a r e  observed a t  850°F.  
decrease (0.3-0. 7 pounds per  cubic foot) i n  the densi tyas  a resul t  of post- 
cure .  
shrinkage of approximately 18 volume-percent. Thus, for a postcure 
to 700°F (Pos tcure  No. 3 ) ,  the total shrinkage, based on the original 
mold volume, is approximately 30 volume-percent. 
Continued weight loss and 
The end resu l t  is a moderate 
The postcuring shrinkage is in addition to a very high molding 
Despite this relatively large shrinkage, little o r  no warpage 
occurs either during the molding process  o r  the postcuring cycle. 
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Table V. Effect of Pos tcure  Conditions on Weight, Dimensions 
and Density of BTDA-EtOH-DAB Foams 
Specimen 
Number 
Pos tcure  Cvcle Proper ty  6-T 
22.0 
22.4 
22 .6  
22.0 
22.1 
22 .0  
No.  4 
19 .1  
19.2 
19. 1 
18.9 
19.2 
19.0 
No. 5 
21.1 
22.2 
21.2 
20.6 
21 .8  
20 .4  
No .  2 
7 . 1  
6 . 8  
6 . 6  
6 . 8  
6 .6  
6 . 8  
6 . 8  
No. 1 
2.4 
2.2 
2.6 
2.5 
2.4 
2 .6  
= 
15. 6 
15 .4  
15. 5 
15.2 
15.7 
15. 5 
Weight 
Percent  
Loss, 
Average 
Decrease 
in 
Diameter,  
Percent  
2 .4  19 .1  22.2 15. 5 
4 . 9  
5 .1  
5 . 1  
4 . 9  
5 . 1  
5 . 1  
21.2 
7 . 5  
6 .9  
7 .3  
6 .9  
7 .1  
7 . 1  
7 .1  
6 .6  
6 . 9  
7.0 
6 . 8  
7.0 
6.9 
6 .9  
0 . 0  
0 . 4  
0 .4  
0.4 
0 .4  
0 .6  
2.0 
2 .0  
1 .8  
2.0 
2.0 
2.0 
5 . 9  
6 . 1  
6 . 1  
6. 1 
5.9 
6.1 
7 .3  
7 .3  
7 . 5  
7 . 5  
7 .5  
7 . 5  
Average 0.4 2.0 5.0 6 .0  
5.9 
6 .0  
6 . 1  
5 .7  
6. 0 
5.9 
5.9 
7 .4  
7 . 2  
7 . 5  
7 .3  
7 . 2  
7 .3  
7 . 6  
7 .4  
0 .5  
0.4 
0 . 5  
0 . 5  
0 .5  
0.6 
2 .0  
1 .9  
1 .8  
2.0 
1 . 9  
2.0 
4 .9  
4 .9  
4 .8  
4 .8  
4 . 9  
4 . 8  
Decrease 
i n  
Thickness 
Percent  
Average 0 . 5  4 . 8  1 .9  
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Table V.  Effect of Pos tcure  Conditions on Weight, Dimensions 
and Density of BTDA-EtOH-DAB Foams (Continued) 
5 pec imen 
Number 
c yc 1€ 
N o .  4 
1 6 . 8  
17 .2  
17. 3 
1 6 . 8  
17.0 
17. 0 
Postcu1 
No.  3 
14.0 
14 .3  
14. 1 
14.0 
14. 5 
14.4 
Proper ty  K-T 
5.9 
5 .8  
5 .1  
5 .6  
5.7 
5 .7  
5.6 
No, 6 
20 .4  
20 .4  
20.8 
20 .7  
20 .5  
21.2 
No.  5 
20.0 
19.3 
20 .1  
1 9 . 1  
1 9 . 9  
1 9 . 9  
19.7 
No.  1 
0.4 
1 .2  
1 . 2  
1 .3  
1 . 4  
2.0 
Decrease 
in 
Volume, 
Percent  
J r  .P 
Average 1 . 2  14.2 17. 0 20.7 
30. 5 
28.7 
30. 3 
31, 7 
30. 5 
32. 1 
30.4 
30. 7 
31.3 
30 .3  
30.2 
29.0 
27.9 
31. 5 
31. 8 
27 .2  
29. 0 
31.2 
29.4 
31.7 
29.9 
30.6 
30. 5 
28.7 
28.1 
33.0 
32.4 
31.6 
30.6 
32.3 
32.2 
30.5 
30.4 
34.7 
2 9 . 6  
31.8 
31.5 
Density 
Before 
Postcure,  
lb/cu f t  
Average 30.6 29 .8  30. 1 31.3 
27.3 
32.2 
31.7 
30 .8  
29 .8  
31.5 
30.3 
30. 0 
30.4 
30. 8 
29.9 
29.9 
28.8 
31.6 
30. 1 
29.8 
34.2 
29.2 
31.4 
27 .5  
30.4 
31.2 
26.7 
28. 3 
31.0 
28.8 
30.9 
29.2 
30. 1 
29.9 
28.4 
29.9 
28.4 
29.9 
31.3 
30.2 
31.9 
30.3 
D ens ity 
After 
Pos  tcure,  
lb /cu  f t  
Average 30.0 31.0 30.6 29.2 29 .6  
Decrease 
in Aver. 
Density , 
Percent  
1 .0  1 . 0  1 . 6  2 .2  2 .0  1 . 7  
:Calculated f rom expression, (1  - W a  Db/Wb D a  x l o o ) ,  where Wb 
and W a  equal weights before and af ter  postcure, respectively, and 
Db and D a  equal densit ies before and af ter  postcure,  respectively. 
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The compressive strength propert ies  of the variously postcured 
BTDA-EtOH-DAB foams were determined. 
strength and modulus in compression were  determined a t  room temper-  
a ture  while the ult imate compressive strength was determined a t  room 
temperature  and 600°F.  
Table VI. 
The compressive yield 
The complete tes t  resu l t s  a r e  given in  
Despite a fa i r ly  la rge  spread in the individual tes t  values, 
severa l  conclusions can  be drawn f rom the data.  
ture  ult imate compressive strength values a r e  the highest (approximately 
3000 psi)  for  postcure temperatures  of 600" and 700°F. 
sive strength a t  600" F is virtually unaffected by postcure temperature  
with the possible exception of 850°F. 
no significant effect on the compressive yield strength o r  modulus, 
probably due to the la rge  spread in individual values for these propert ies .  
The complete tes t  resu l t s  a r e  given in Table VI. 
The room tempera-  
The compres-  
The postcure temperature  has  
Based on the effect of postcure on shrinkage and room temperature  
compressive strength, a postcure to a maximum temperature  of 700°F 
was adopted a s  being reasonable.  Upon postcuring to 700"F, no 
ser ious  degradation of compressive strength occurs  a s  observed af ter  
postcuring to 800°F  and higher. 
observed upon postcuring to 700°F is approximately 2-1/2 t imes a s  
high a s  that observed a s  a resu l t  of a 600°F postcure.  
On the other hand, the shrinkage 
Chemically Blown PMDA-EtOH-DAB Foams 
Anat tempt  was made to prepare  a 30-pound foam f rom a 
PMDA-EtOH-DAB prepolymer.  The general  procedure was the same  
a s  used in the preparation of the BTDA-EtOH-DAB foams except that 
Celogen AZ (decomposition temperature ,  350" F) was used instead of 
Celogen OT (decomposition temperature ,  266" F). I n  addition, the 
mold was heated initially to 350°F instead of 275°F to allow for the 
higher decomposition temperature  of the blowing agent. 
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Table VI. Effect of Pos tcure  Conditions on Compressive Strength 
Proper t ies  of BTDA-EtOH-DAB Foams 
C ompres  sive 
Strength, psi  C ompr e s s ive Yield Strength Pos  tc ur e 
C yc le 
Modulus 
a t  Room 
600" F 
1520 (31.3) 
980 (30.2) 
1540 (31.9) 
1350 
- 
a t  Room Temper a tur e 
Temperature ,  psi in lo5 psi  
1130 2. 83 
650 1.62 
680 1. 70 
820 2.05 
Room 
Temperature  
1500 
1220 (30.8) 
1650 (29.8) 
1170 (31. 5) 
1350 
~~ 
No. 1 
(500" F) 
Averages 
1080 2.71 
820 2.04 
1180 2.95 
1250 3.12 
1080 2.70 
~ -~ 
1740 (29.9) 
2200 (28.4) 
21 10 (29.9) 
2020 
3540 (30.0) 
3170 (30.4) 
2390 (30.8) 
1070 (29.9) 
1310 (29.9) 
1990 (28.8) 2.12 
1460 2.36 
No. 2 
(600" F) 
Average s 3030 
3570 (31.6) 
2370 (30.1) 
3370 (29.8) 
1580 
59 0 
- -  1710 (34.2) 1560 (29.2) 
1240 (31.4) 
3.94 
1.48 
- -  No. 3 
(700" F) 
Averages 3100 
1920 (27.3) 
1710 (32.2) 
1690 (31. 7) 
No. 4 
(800° F) 
Aver ages 1770 
1600 (27. 5) 
2630 (30.4) 
1480 (31.2) 
750 
1420 
79 0 
1320 (26.7) 
1700 (28.3) 
1600 (31.0) 
3.75 
3.56 
1.98 
No. 5 
(850" F) 
Aver a g e s 1900 99 0 I 3.10 I 1540 
No. 6 
(850" F t 
1 h r  soak) 
2240 (28.8) 
1290 (30.9) 
2520 (29.2) 
730 
99 0 
950 
870 (30. 1) 
1070 (29.9) 
1090 (28.4) 
1.81 
2.47 
2, 38 
Avera ge s 2020 1010 890 I 2.22 I 
Note: F igures  in parentheses a r e  the densities in pounds per cubic 
foot of individual tes t  specimens.  
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The result ing molding had a density of 6 0  pounds per  cubic foot and, 
examined microscopically, was seen to be a porous, open-celled, 
partially compacted mater ia l  ra ther  than a closed-cell  foam. 
Apparently, the prepolymer did not actually fuse a t  any point in the 
molding process .  
Another unsuccessful attempt was made to prepare  a chemically 
blown foam using a much less advanced PMDA-EtOH-DAB prepolymer.  
Again, a porous molding with a nominal density of 60  pounds per  cubic foot 
was obtained. 
blown foams from PMDA-EtOH-DAB prepolymers.  
No  fur ther  attempts were  made  to prepare  chemically 
C onclus ions 
Chemically blown foams of excellent quality can be prepared 
from BTDA-EtOH-DAB prepolymers.  
to prepare  foams using chemical blowing agents f rom the PMDA-EtOH- 
DAB prepolymers,  probably since these prepolymers have no t rue  
melting point. 
It was not found to be pract ical  
4 .5  LIGHTWEIGHT FILLERS 
Discus s ion 
A commonly employed technique for obtaining cellular plastics 
consists of the incorporation of a lightweight, particulate fi l ler ,  such 
as hollow bubbles, in  a curable res in  system. By curing such a mix- 
ture  under the proper  conditions, one can produce a molding which con- 
s i s t s  ideally of an ordered (or syntactic) three-dimensional a r r a y  of 
unbroken, hollow bubbles i n  a relatively void-free plastic matr ix .  
The success  of this approach depends on severa l  important factors: 
(1 ) The r e s in  o r  prepolymer must  soften and flow sufficiently during the 
molding process  to fo rm a continuous, relatively void-free matrix.  
Insufficient res in  flow would be expected to cause extensive breaking of 
even relatively strong bubbles. In this case,  compaction of the mixture 
will r e su l t  in  extremely high s t r e s s  levels due to point-to-point contact 
of bubbles and prepolymer particles.  
curing reaction mus t  be sufficiently low to preclude the possibility of 
(2)  Volatile byproducts of the 
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blistering o r  fracturing of the resulting molding during o r  following the 
curing process .  
sufficiently strong to withstand the molding p res su res .  
( 3 )  The bubbles used a s  a syntactic f i l ler  should be 
Two commercially available, hollow f i l lers  were considered a s  
candidate mater ia l s  for preparing syntactic Pyr rone  foams: BJO- 
0930 Phenolic Microballoons and B35D G l a s s  Bubbles. 
.I, .b 1 .I, 1- 
Phenolic Mic roballoons 
Type BJO-0930 Phenolic Microballoons is  a free-flowing, 
reddish-brown powder consisting of microscopic hollow spheres  of 
cured phenolic res in .  The spheres  have an  average diameter  of 
0. 0017 inch and a r e  filled with an  iner t  gas, p r imar i ly  nitrogen, during 
manufacture. 
1 6  pounds per  cubic foot, a s  determined by fluid displacement using 
toluene a s  the displacement fluid. 
known that a fa i r ly  la rge  fraction of these phenolic microballoons will 
f racture  under even low molding p res su res .  Therefore,  a select  f r ac -  
tion of microballoons with a t rue density of 20  pounds per  cubic foot 
produced by a p re s su re  grading process  at 700 psi  w a s  used in this 
program. 
The t rue density of the stock product ranges f r o m  14 to 
From past  experience'', i t  was 
Pe l le t  specimens were molded f rom a mixture of precipitated 
BTDA-EG-DAB prepolymer ( te t raes te r  type) and pressure-graded 
microballoons. Densities a s  molded were in the range of 53 to 
73 pounds pe r  cubic foot. 
appeared to be excellent. However, a slow postcure in argon to a maxi- 
mum temperature  of 7 0 0 ° F  resulted in severe  degradation of the speci-  
mens.  It was concluded that phenolic microballoons were not suitable 
a s  a lightweight fi l ler  since this mater ia l  w i l l  apparently not withstand 
the temperature  cycle required to postcure the Pyrrones.  
The cell  s t ructure ,  examinedmicroscopically, 
.I, *a- 
.,. ,.,,Union _,. Carbide, Plast ics  Division 
3M, Reflective Products Division 
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Glass Bubbles 
Type B35D Glass Bubbles i s  a free-flowing, white powder consis t -  
ing of hollow glass spheres  with a bulk density of approximately 13 
pounds pe r  cubic foot and a t rue density of 18-20 pounds per  cubic foot. 
The par t ic le  s ize  is  comparable to that of the phenolic microballoons 
with 90 percent  (by count) of the bubbles having a diameter  between 
0. 0008 and 0. 0032 inch. 
res i s tan t  to external p re s  su re  with only 10  percent by volume failing 
( a s  reported by the manufacturer) when subjected to 2000 psi  while 
immersed  in  water.  
period of time is reported to be approximately 1020" F. 
The type B35D Glass Bubbles a r e  extremely 
The maximum safe use temperature  f o r  a prolonged 
Pel le t  specimens were molded f rom a mixture  of 72 par t s  by 
weight precipitated BTDA-EG- DAB prepolymer and 28 par t s  by weight 
of the B35D bubbles. 
of 60.5 and 69.3 pounds pe r  cubic foot were obtained. Postcuring in 
argon reduced these densit ies to  46.1 and 5 4 . 3  pounds per  cubic foot, 
respectively. 
Moldings of excellent quality with molded densit ies 
The quality of the postcured specimens was excellent. 
It was concluded f r o m  the brief prel iminary work just  described 
that syntactic foams could be prepared f rom a mixture of Pyr rone  
prepolymer and the B35D Glass  Bubbles. The development of pro-  
cessing conditions required to obtain high quality, syntactic foams is 
described in Section 6 . 2 .  
4.6 CONCLUSIONS 
The following conclusions were drawn a s  a resu l t  of the feasibility 
studies . 
e Oven Heating 
Oven heating can  be used to prepare  ve ry  fine-celled foams 
f rom ethylene glycol Py r rone  solutions synthesized f rom the 
diacid-diester of the dianhydride and DAB. 
control of synthesis conditions and oven temperature ,  BTDA- 
DAB foams with a density of 30 pounds per  cubic foot and 
By the proper  
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PMDA-DAB foams with a density of 25 pounds per cubic foot 
can be made, 
paring smal l  sections of foam. 
sections of foam yield foams of higher densit ies (up to  
45 pounds per cubic foot) which have a tendency to crack. 
It was concluded that the oven foaming method was not fea- 
sible for  preparing relatively la rge  foam sections and this 
method was not pursued fur ther  in this program. 
However, the method is only feasible in  pre-  
Attempts to  prepare  l a r g e r  
e Volatile F i l l e r s  
Foams  of excellent quality were  made by postcuring smal l  
moldings made f rom a mixture of precipitated Pyr rone  p re -  
polymer and powdered acryl ic .  
was narrow, with mos t  cel l  d iameters  in  the range of 0. 002- 
0. 004 inch. The foam density could be predictably controlled 
by adjustment of the relative proportions of prepolymer and 
acrylic.  However, a t tempts  to make l a rge r  foam sections by 
this method were  unsuccessful due to incomplete volatiliza- 
tion of the acryl ic  during postcure.  
this method was not feasible f o r  the preparation of la rge  
foam sections and no fur ther  effort was expended on this 
me tho d. 
The cel l  s ize  distribution 
It was concluded that 
e Chemical Blowing Agents 
Pyr rone  foams of excellent quality were  prepared by the 
controlled heating of mixtures  of BTDA-EtOH-DAB Pyrrones  
and chemical blowing agents. 
pounds p e r  cubic foot were  consistently achieved by molding 
a given charge weight to the co r rec t  volume. 
attempts to prepare  a BTDA-EtOH-DAB foam with a density 
of 60 pounds per  cubic foot were  not successful. 
of the chemically blown foam does not s eem t o  be affected 
adversely when l a rge r  sections of foam a r e  prepared.  
chemically blown BTDA-EtOH-DAB foam in the 30 pound 
grade appeared extremely promising and was chosen for  
fur ther  study and character izat ion.  
Nominal densit ies of 30 
However, 
The quality 
The 
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PMDA-EtOH-DAB prepolymers  combined with chemical 
blowing agents did not yield cellular foams when heated. 
Fu r the r  work on this sys tem was discontinued. 
e Lightweight F i l l e r s  
Syntactic foams of good quality were prepared f rom mixtures  
of BTDA-EG-DAB prepolymer and glass  bubbles. Based on 
these prel iminary resul ts ,  l i t t le difficulty was anticipated in 
preparing syntactic foams with a nominal density of 60 pounds 
pe r  cubic foot f rom this  system. 
density and packing fraction of the glass  bubbles may not 
allow the preparation of a 30-pound foam in which the r e s in  
mat r ix  is virtually voidfree. 
containing g lass  bubbles was chosen for  fur ther  study and 
characterization. 
Syntactic foams containing phenolic microballoons were  
found to degrade severely during postcure.  
on this sys tem was discontinued. 
On the other hand, the t rue 
The 60-pound syntactic foam 
Fur ther  work 
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5. CHEMICALLY BLOWN FOAMS 
5. 1 RESIN SYNTHESIS 
Gene r a1 P ro  c e dur e 
The synthesis of the BTDA-EtOH-DAB Pyr rones  consists of two 
main s teps ,  the preparation of a BTDA-EtOH e s t e r  and reaction of this 
e s t e r  with an equivalent amount of DAB. 
The BTDA is dissolved in excess  absolute ethanol. After adding 
the required quantity of concentrated H2S0 
and shortens the t ime required to reach equilibrium) the mixture is  
maintained at reflux temperature  for 2 4  hours  o r  longer. 
completion of the esterification, the excess  ethanol is removed by 
distillation and the crude product is dissolved in  e ther  o r  benzene. 
This solution i s  washed severa l  t imes with aqueous sodium bicarbonate 
solution. 
residual water  and the solvent removed to give an e s t e r  of relatively 
low carboxyl content. 
content can be recovered by acidification and purification of the f i r s t  
bicarbonate wash fraction. 
(which acts catalytically 4’ 
After 
The solution is  then t reated with a desiccant to remove any 
An e s t e r  fraction of relatively high carboxyl 
The low carboxyl e s t e r  (or a combination of low and high carboxyl 
e s t e r )  is  then placed i n  a res in  reaction kettle and heated under argon 
to the reaction temperature  (Figure 5 shows the apparatus). 
equivalent quantity of solid DAB is added to the e s t e r  while st irring. 
The resulting melt  i s  s t i r r ed  at the des i red  reaction temperature  for  a 
t ime usually somewhat in  excess  of that  required for  the evolution of 
ethanol to subside. 
an ice  bath to obtain a ha rd  glassy product. 
nitrogen shat ters  the product into fine par t ic les  and allows convenient 
removal f r o m  the reaction vessel. 
pass  an 80-mesh sieve and dr ied under vacuum f o r  16 hours  at  50°C. 
An 
The reaction i s  terminated by cooling the melt  in 
The addition of liquid 
Finally, the r e s in  i s  ground to 
Problems Related to Resin Svnthesis 
During the feasibility studies, batch-to-batch variations i n  the 
resins  were  found to affect markedly the foaming character is t ics .  
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/THERMOMETER 
DRY ICE CONDENSER 
(LUULtU IN 
ICE BATH) 
EXHAUST 0 
MERCURY 
TRAP---_. ~ 
Figure  5. Apparatus for  BTDA-EtOH-DAB 
P y r  r one Prepara t ion  
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Foams  of excellent quality were made ea r ly  in the program af ter  the 
development of sat isfactory processing procedures.  Toward the end 
of the feasibility studies,  r e s ins  were synthesized which yielded foams 
of fair to  poor quality. 
At this point, at tempts were made to  define and measu re  those 
propert ies  of the r e s ins  felt mos t  likely to influence the foaming charac-  
ter is t ics .  These propert ies  included the melting point, the inherent 
viscosity in DMF and the carboxyl content of the purified product 
obtained by the esterification of the BTDA with ethanol. 
attempt was made to cor re la te  these proper t ies  with the foaming char -  
acter is t ics .  This approach metwith onlypart ia l  success .  F o r  example, 
it  was found that a r e s in  should be prepared f rom a BTDA e s t e r  of 
controlled carboxyl content and reacted until i ts  inherent viscosity is 
in the range of 0.50 to 0 .60  in order  to  yield chemically blown foams of 
good quality. 
Finally, an 
Since the BTDA-EtOH-DAB prepolymers  are  synthesized by a 
melt  polymerization process .  i t  is ra ther  difficult to  monitor the pro- 
g r e s s  of the reaction by a viscosity measurement  as  in the case  of the 
polymerizations conducted in ethylene glycol solution. 
The degree of reaction m a y  be followed by collecting and measur- 
ing the ethanol of reaction. However, in practice this was found to be 
impractical ,  since variable amounts of ethanol condensed and remained 
in the top of the reaction kettle and could not be measured.  
only partially eliminated by the intermittent application of par t ia l  
vacuum. 
This  was 
One method which was partially successful involved measuring 
the power consumption of the s t i r r ing  motor  used to  mix the contents of 
the reaction kettle, This  method was a l so  deemed unsatisfactory, since 
the power consumption was great ly  affected by the degree to which the 
prepolymer adhered to the s t i r r ing  paddle. 
At present,  the most  reliable method seems to be to synthesize 
each batch a t  a t ime and temperature  known by experience to yield a 
r e s in  with good foaming character is t ics .  This  method works well  for 
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a given batch of e s t e r .  
found to require  different react ion t imes .  
However, different batches of e s t e r  have been 
The carboxyl content of the e s t e r  was found to markedly influence 
the foaming charac te r i s t ics  of r e s ins  made f r o m  the e s t e r .  E a r l y  in 
the program,  r e s ins  (Ser ies  92 and 95) were  prepared  f rom e s t e r s  of 
relatively high carboxyl content (8- 1 0  equivalent-percent).  
pared f r o m  these r e s ins  in  most  c a s e s  ranged in quality f rom fair to 
excellent. 
were  prepared  f r o m  an  e s t e r  of much lower carboxyl content 
(1. 5 equivalent-percent).  
th is  e s t e r  batch under a wide var ie ty  of conditions. Only one of 
these r e s ins ,  No. 97F with an inherent viscosi ty  of 0.52 yielded a good 
foam. 
quality. 
slowly with the DAB than the high carboxyl e s t e r s  to  give r e s ins  of 
comparable inherent viscosity. The principal r e su l t s  a r e  l is ted in  
Table VII. 
Foams p re -  
Toward the end of the feasibil i ty studies,  r e s ins  (Ser ies  97) 
Ten batches of r e s i n  w e r e  prepared  f r o m  
Most of the remaining r e s ins  gave non-uniform foams of poor 
It was noted that the low carboxyl e s t e r  reacted much m o r e  
The foregoing r e su l t s  indicate strongly that e s t e r s  of high carboxyl 
content yield r e s ins  with bet ter  foaming charac te r i s t ics  than e s t e r s  of 
low carboxyl content. However, the preparat ion of e s t e r s  of re la t ively 
high (and controlled) carboxyl content is not simple. The preparat ion 
of high carboxyl e s t e r s  probably is a resu l t  of inadequate bicarbonate 
extract ion and washing procedures .  The al ternat ive procedure adopted 
consis ts  of the blending of two e s t e r  fractions,  that  i s  the low carboxyl 
e s t e r  obtained as the ma in  product of the ester i f icat ion and the rela- 
tively high carboxyl f ract ion obtained by acidification of the f i r s t  bicarb- 
onate wash fraction. 
A s e r i e s  of r e s ins  was prepared  by react ing DAB with mixed 
e s t e r s  with carboxyl contents ranging f r o m  3. 9 to 8.4 equivalent- 
percent.  As previously noted, react ion t ime s were  considerably sho r t e r  
for r e s ins  made f rom high carboxyl res ins .  Surprisingly,  r e s ins  p re -  
pared f r o m  e s t e r s  with a high carboxyl content did not yield consistently 
good foams. 
equivalent-percent was used in preparing a r e s i n  with excellent foaming 
However, a mixed e s t e r  with a carboxyl content of 3.9 
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character is t ics .  Subsequently, a l a rge  number of r e s in  batches was 
prepared f r o m  mixed e s t e r s  with a carboxyl content of 3. 5 equivalent- 
percent. With few exceptions, the chemically blown foams prepared 
f rom these r e s ins  were  uniform in cell  s t ructure .  
Standard Synthesis Procedure  
Based on the difficulties described in the preceding section, stand- 
a r d  synthesis procedures for  the preparationof the e s t e r  and the r e s inwere  
adopted for  the remainder  of the program. The following preparations a r e  
typical : 
E1706-4 Preparat ion of BTDA-Ethanol Es t e r  
BTDA, 4508 gm (14.0 moles),  was s lu r r i ed  in  9 l i t e r s  of anhydrous 
ethanol, and the mixture  heated to reflux. 
700  ml of concentrated sulfuric acid was added dropwise with constant 
st irring. The mixture  was  s t i r r ed  at reflux for  30 hours.  Excess  ethanol 
(approximately 7 l i t e r s )  was then distilled off until the volume of reactants  
was reduced to approximately one third of the original. The crude product 
was taken up in 7 l i t e r s  of ether and washed twice with water. It was  
then washed three  t imes  with equal volumes of saturated aqueous sodium 
bicarbonate solution until acidification of the bicarbonate washes failed to 
precipitate carboxyl sal ts .  
bicarbonate wash was recovered by acidification and taken up in ether.  
After the BTDA had dissolved, 
The partially esterified product f r o m  the f i r s t  
Both fractions of es te r  were  dr ied a s  ether solutions with anhydrous 
magnesium sulfate. 
under vacuum on a ro ta ry  st i l l  a t  15OoC for  3 hours.  
es te r  had a carboxyl content of 0. 9 equivalent percent and weighed 3457 g m  
(53 percent of theoretical) .  The high carboxyl e s t e r  contained 22.  1 equiva- 
lent percent carboxyl and weighed 1487 gm. 
Residual solvents in both fractions were  then removed 
The low carboxyl 
E1706-8 Preparat ion of BTDA-EtOH-DAB Resins f r o m  E1706-4 E s t e r s  
Eleven batches of BTDA-EtOH-DAB res in  were  prepared f r o m  
the E1706-4 mixed e s t e r s .  
and 16.4 g m  of high carboxyl e s t e r  ( total  of 0. 3 mole)  was heated to 
18OoC under argon and solid DAB, 64.3 gm ( 0 . 3  mole), w a s  added while 
A mixture  of 123. 6 g m  of low carboxyl e s t e r  
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st i r r ing.  
The r e s i n  kettle was  evacuated briefly eve ry  30 minutes to  facil i tate 
removal of ethanol of reaction. 
the melt  in  an ice bath. 
par t ic les  by the addition of liquid nitrogen. 
ground to pass 80 m e s h  and dr ied under vacuum f o r  16 hours  at 50°C. 
The reaction mixture was s t i r r e d  for  100 minutes at 180°C. 
The reaction was terminated by cooling 
The glassy product was  shattered into fine 
Finally, the r e s in  was  
The inherent viscosity of each of the r e s ins  was  determined a t  a 
concentration of 2.5 gm/100 cc of dimethylformamide. 
indicate a fair degree of reproducibility. 
cosity was  0.53 with a standard deviation of 0.02. 
The r e su l t s  
The average inherent v i s -  
5.2 FOAM DEVELOPMENT 
Study of Process ing  Variables 
P r i o r  to the preparation of l a rge  sections of chemically blown 
foam, s e v e r a l  processing variables w e r e  studied fur ther .  
A block of chemically blown foam measuring nominally 
1 x 4 1 /2  x 6 inches was prepared f rom a m a s t e r  batch made by blend- 
ing the eleven batches of E1706-8 res in .  A charge weight of 275 g m  of 
r e s i n  containing 0.5 percent of Celogen OT blowing agent was  taken to 
make a molding with a nominal density of 30  pounds per  cubic foot. 
However, considerable flow f r o m  the mold occurred  during cure  resu l t -  
ing in  a block with a density of only 17. 1 pounds per cubic foot. 
p rocess  was  the same as used previously: the charge was placed in  the 
mold and preformed, the punch released and a shim inser ted,  the mold was 
placed in a cold oven, and the temperature  increased to 275"F, held 
at 275°F for  5 hours and increased to 500°F over a period of 5 hours. 
The 
Excessive flow a l so  occurred in molding severa l  2 1/4-inch 
diameter  d i sc s  with densi t ies  ranging f rom 24.6 to  28.5 pounds per 
cubic foot. 
pared f rom a prepolymer containing, respectively, 0.10, 0.25 and 
0.50 percent  Celogen OT as a blowing agent. 
fine-celled and uniform. The foam containing only 0-10 percent 
At this  point, th ree  2 1/4-inch d iameter  d i sc s  were  pre- 
All of the foams were  
45 
blowing agent showed no tendency to flow f r o m  the mold during cure  and 
a molding with a nominal density of 3 0  pounds per  cubic foot was  
obtained. 
chemically blown foam moldings, it was  decided to  lower the blowing 
agent concentration f r o m  0. 50  to 0. 10 percent  to allow bet ter  control 
of the density. 
In  preparing the remainder  of the 30  pound per  cubic foot 
An additional s e r i e s  of res ins  was  made f r o m  mixed e s t e r s  i n  
which the carboxyl content varied f r o m  2. 0 to 8. 0 equivalent percent. 
The resul ts  confirmed those obtained previously; that is, res ins  with 
the bes t  foaming charac te r i s t ics  a r e  made f r o m  e s t e r s  with the 
carboxyl content in  the range of 3 to 4 equivalent percent. 
An effort was made to prepare  foams with finer cel ls  by the 
addition of a liquid surfactant, Union Carbide 's  L-520. 
this  surfactant did not resul t  in any improvement. 
containing the surfactant was much c o a r s e r  and more  i r r egu la r  in  cell  
s t ructure  than a control foam without the surfactant. 
The use of 
In  fact, the foam 
Fur the r  evidence was  obtained which indicates that  the degree of 
purification of the BTDA-EtOH e s t e r  from which the resins  a r e  p r e -  
pared is  probably the most important single factor i n  preparing 
uniform, fine-celled foams. One BTDA-EtOH e s t e r ,  E1706-12 was 
prepared by refluxing BTDA and ethanol in  the presence of sulfuric 
acid for 60 hours.  
excess  ethanol, removing any water  of reaction by azeotropic 
distillation with benzene, washing with water  and sodium bicarbonate 
solution and drying over anhydrous magnesium sulfate solution. The 
benzene was removed by distillation and by evaporation in  a ro ta ry  
still to give a product with a carboxyl content of 0. 7 equivalent percent. 
A t e s t  batch of res in ,  E1706-14-1, was  made by reacting DAB with a 
portion of this  e s t e r  to which had been added sufficient high carboxyl 
content e s t e r  to give an overal l  carboxyl content of 3.5 equivalent 
percent. A foam prepared  f rom this  r e s in  was  extremely poor in  
quality, with many cel ls  l a rge r  than 1 /8  inch in  diameter.  
Purification consisted of distilling off most  of the 
The remaining E1706-12 e s t e r  was  then dissolved in  benzene, 
washed twice with water ,  dried over anhydrous magnesium sulfate 
and separated f r o m  the benzene in a ro ta ry  still. 
resin,  E1706-14-2, was prepared f r o m  this reworked es te r .  
prepared f r o m  this res in  was  of good quality and had a uniform cel l  
structure.  
BTDA-EtOH e s t e r  is extremely cr i t ical  i n  preparing foams f r o m  the 
r e s in  made f rom the e s t e r .  
Another batch of 
A foam 
It is apparent f r o m  these resu l t s  that  the purification of the 
Prepara t ion  of Samples 
Chemically blown foam samples  with a nominal density of 30 
pounds p e r  cubic foot were  prepared and submitted to  NASA for 
characterization. The complete set  of samples  consisted of 3 0  1-inch 
long cylindrical specimens,  2 0  with a diameter  of 2 inches and 10 with 
a diameter  of 1 inch. 
The 2-inch specimens were  made as follows: A charge weight of 
34.40 g m  of powdered BTDA-EtOH-DAB res in  containing 0. 1 percent 
Celogen OT was placed i n  a 2 1/4-inch diameter  mold and preformed 
at 5000 psi. 
inside axial mold dimension of 1. 125 inches, and the entire assembly 
was secured with a C-clamp. 
oven and the temperature  was increased to 275°F i n  about 2 0  minutes. 
The temperature  was  maintained at 275°F for  5 hour s  and programmed 
f r o m  275" to 500°F over  a period of 5 hours.  
temperature ,  the moldings were  removed f r o m  the mold, weighed 
and measured. 
f r o m  300" to 700°F over  a period of 5 days. 
each of the specimens was  again weighed and measured., 
The punch was  raised,  a sh im was  inser ted to give an 
The mold assembly was  placed in  a cold 
After cooling to room 
The ent i re  se t  of specimens was postcured in argon 
Following postcure,  
The procedure was the same for the one-inch diameter speci-  
mens,  except that a charge weight of 8.57 g m  was  placed in a 1 1 /8-  
inch diameter  mold. 
The density of each of the specimens before and after postcure 
was calculated f r o m  the appropriate weight and dimensions. 
weights, dimensions and calculated densit ies l ie within a fa i r ly  narrow 
range ( see  Table VIII), indicating that a reproducible mater ia l  and 
process  have been achieved. 
The 
The combined molding and postcuring 
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Nominal 1 inch 
diameter  
Proper ty  
As Pos t -  
molded cured 
Average Weight, g m  7. 27 5. 87 
Standard Deviation 0. 10 0. 07 
Average Length, inches 1 1. 042 0. 978 1. 050 I 0.980 
Standard Deviation 0.010 I 0.012 I 0.012 0.012 
Nominal 2 inch 
diameter  
As Pos t -  
molded cured 
29. 74 23.69 
0.44 0.34 
Average Diameter ,  inches 1 1.052 1 0.987 1 2. 108 1 1.969 
Standard Deviation 0. 0031 0. 0023 0. 0044 0,0033 
Average Density, lb /cu  f t  30. 58 29.89 30.89 30,18 
Standard Deviation 1 0.45 I 0.40 I 0.32 1 0.36 
shrinkage was  somewhat higher than had been anticipated, with the 
resul t  that  each of the specimens was slightly smaller in both dimen- 
sions than desired. 
Two bil lets were  molded from a blended batch of BTDA-EtOH- 
DAB res ins  i n  the 6 1 / 2  x 9 inch mold. 
blowing agent mixture (751 gm) was distributed evenly in the mold and 
subjected to 1000 ps i  p r e s s u r e  for  a few seconds to give a uniform 
preform. 
between the top and bottom punches of 1.55 inches. 
the mold was placed in  a cold oven. 
increased to 275°F i n  about 1 0  minutes, held at  275°F for 5 hours ,  
increased from 275" to 500°F over a period of 5 hours ,  and cooled to 
room temperature .  
275" to 700°F over a period of 5 days. 
and density of each billet as molded af ter  postcure. 
The finely powdered resin-  
The punch was  then raised and shimmed to give a distance 
After clamping, 
The tempera ture  was then 
Finally, the bil lets were  postcured i n  argon f rom 
Table IX lists the dimensions 
5.3 FOAM CHARACTERIZATION 
The characterization of the 3 0  pound p e r  cubic foot chemically 
blown foams involved a continuous evaluation a s  the development 
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Table IX. Dimensions and Densities of Chemically 
Blown BTDA-EtOH-DAB Foam Billets 
Weight, g m  
I Billet 1 I Billet 2 I 
molded cured molded cured 
661 525 6 64 525 
I As I Post- I A s  I Pos t -  I Proper ty  
~ 
Dimensions, inches 
~ 
1 
~ 
1.549 x 1.450 x 1.531 x 1.436 x 
6.250 x 5.840 x 6.240 x 5.833 x 
8.625 8. 082 8.637 8. 082 
Density, lb/cu f t  30. 1 29. 2 30. 6 29. 5 
progressed  and a final evaluation of the physical propert ies  of the 
optimized chemically blown foam. 
The continuous evaluation of the chemically blown foams con- 
sisted of visual observation of the sectioned foams and calculation of 
the "as molded" and postcured densit ies of these foams. 
observations are discussed throughout Sections 4. 0 and 5. 2 where  
applicable to  the foam development study. 
t i es ,  the shrinkage, i so thermal  weight loss ,  compressive strength 
and the rma l  conductivity were  checked at various stages of the 
feasibility study and development program. 
These 
In  addition to  these proper-  
Once it was felt that the 30 pound per  cubic foot BTDA-EtOH- 
DAB chemically blown foam sys tem had been optimized, a s e r i e s  of 
billets was  molded according to the conditions developed, and test 
specimens cut and submitted fo r  physical testing. 
Volume Fract ion of Continuous Voids 
Impregnation with an epoxy r e s in  under moderate p r e s s u r e  was 
used to estimate the fraction of continuous voids i n  smal l  pieces cut 
f r o m  a 6-1 /2  x 9 inch billet of chemically blown foam with a nominal 
density of 30 pounds per  cubic foot. The method consists of vacuum- 
p res su re  impregnation of preweighed, 1-inch cubes of the foam with 
a mixture of 100 pa r t s  by weight of Epon 828':' epoxy res in  and 37 
J, e,. 
Shell Chemical Company, P las t ics  and Resins Division 
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J, 
par t s  by weight of Z Z L  0803"' hardener .  The specimens were 
covered with the resin-hardener  mixture while under vacuum and 
subjected to a p res su re  of 50  psig for  1 hour. 
res in  f r o m  the impregnated foam blocks with acetone-moistened 
t issues ,  the blocks were  reweighed. The volume fraction impreg-  
nable voids (assumed to be the same a s  the volume fraction of 
continuous voids) was calculated from the unimpregnated foam 
density, the weight increase  as  a resul t  of impregnation and the 
density of the uncured impregnating resin.  
After wiping the excess  
The volume fraction of continuous voids in  the chemically blown 
foam a s  estimated by this  method was  surprisingly high. 
values ranged f r o m  0.55 to  0.83 with an average of 0.66. 
type of foam appears  to b e  closed cell ,  one possible conclusion is that 
the cell  walls a r e  very porous. 
confirms observations made by NASA that hot gases  appear to percolate 
readily through the foam during ablative t e s t s ,  resulting in  relatively 
high back face temperatures .  
Individual 
Since this 
The high value for  continuous voids 
Specific Heat 
The specific heat  of 30 pound pe r  cubic foot chemically blown 
BTDA-EtOH-DAB foam was  re-determined by the method of mixtures.  
Previously,  a value of 0.46 ca lo r i e s /g ram/"C  was  obtained during the 
foam development program. 
complete immers ion  and thorough mixing of the foam in  the water  
contained in  the calor imeter  to ensure virtual t he rma l  equilibrium. 
The procedure was  refined to ensure  
Two runs were  made with chemically blown foam which had been 
postcured to 700°F. 
the other diced into small cubes roughly 3 / 8  inch on the side. 
resul ts  w e r e  fairly consistent, with a value of 0. 276 ca lo r i e s /g ram/"C  
obtained for  the powdered Pyr rone  and 0.262 ca lo r i e s /g ram/"C  for  the 
diced material .  
actual value, while the previously reported value is erroneous.  
In  one case the foam was finely powdered and in  
The 
It is felt that  these resu l t s  a r e  fa i r ly  close to the 
.Ir -a- 
Union Carbide Chemicals Company 
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The r mal Conductivity 
The thermal  conductivity of two 3 x 3 x 1 /8  inch slabs of nominal 
30 pound p e r  cubic foot chemically blown foam was  determined by the 
Cenco-Fitch method, This method is a dynamic t e s t  in which the t e s t  
specimen is  placed between a heat source and a hea t  sink. 
thermal  conductivity is  then determined f r o m  the r a t e  of tempera ture  
r i s e  of the heat  sink. 
The 
The individual t he rma l  conductivities of the two slabs of nominal 
30 pound p e r  cubic foot density chemically blown foam were  determined 
to be 0. 60 and 0. 73 BTU/inch/hour/foot / O F  which gave an average 
2 value of 0.66 BTU/inch/hour/foot / O F  (2.3 x ca lo r i e s / cm/sec /  
c m  / " C ) .  
2 
2 
Compressive Strength and Modulus 
The compressive strengths and moduli of nominal 30 pound p e r  
cubic foot chemically blown foams were  determined at -100"F ,  room 
temperature ,  and 700°F according to ASTM Method D695. Five 1 / 2  
inch diameter  by one inch long specimens of the mater ia l  were  tes ted 
at each of the tempera tures  in  the foaming direction and perpendicular 
to the foaming direction. 
f rac tures  due to the relatively br i t t le  nature of the mater ia l  and the 
load-deflection curves were  fair ly  l inear  to the b reak  point. Thus,  
no reliable yield points could be determined and the compressive 
strengths reported a r e  "ultimate" values. 
values obtained for these foams a r e  recorded i n  Table X. 
Most of the specimens exhibited shattering 
The compressive strength 
Tensile Strength 
The tensile strengths of six "dogbone" specimens of 30 pound pe r  
cubic foot chemically blown foam were  determined according to ASTM 
Method D651 at -100"F, room temperature  and 700°F. Two specimens 
of the mater ia l  were  tes ted at each of the th ree  tempera ture  conditions. 
These t e s t s  indicated a wide spread of values. Thus,  the individual 
values a s  well  a s  the average for  the two specimens are recorded in  
Table XI. 
Average Compressive 
Strength, psi  
Loaded 
Perpen-  
Loaded i n  dicular to 
Foaming Foaming 
Direction Direction 
Tes t  
Temperature  
"F 
-100 1720 2 000 
Room 
Tempera ture  1480 3120 
700 1490 145 0 
Table XI. Tensi le  Strength of Chemically Blown 
BTDA-EtOH-DAB Foam 
Average Modulus, 
psi  
Loaded 
Perpen-  
Loaded i n  dicular to 
Foaming Foaming 
Direction Direction 
0 . 9 ~  10 1 . O x l O  5 
5 
4 
1 . 0  x 10 1 . 3 ~ 1 0  
2.5 x 1 0  6 . 2 ~  10 
Individual Spec ime n Aver age 
, Tensile 
Strength, psi  
T e s t T empe r at  u re  , 
"F 
-100 780 220 500 
Conclusions 
The volume fract ion of continuous voids for  the nominal 30 pound 
pe r  cubic foot chemically blown BTDA-EtOH-DAB foam averaged 
0.66, a surprisingly high value since these foams appear to have 
closed cells. 
chemically blown foam averaged 0.27 calor ies  / g ram/"C  which is  
identical to the specific heat  determined for  the 60  pound per  cubic 
The specific heat of the 30 pound p e r  cubic foot 
R oorn 
T empe r a ture  
7 0 0  
52 
770 45 0 610 
290 250 270 
foot syntactic foams. 
blown foams,  this can be considered to be  a representative value for  
pure postcured BTDA-DAB type resins.  
Since no f i l ler  i s  present  i n  the chemically 
The the rma l  conductivity of the nominal 30 pound pe r  cubic foot 
2 
chemically blown foams averaged 0 .66  BTU/inch/hour/foot / O F  
(2.3 x ca lo r i e s / c rn / sec / cm /"C). This value compares  
favorably with approximate values of C). 52, 0. 58, and 0. 92 BTU/inch/ 
hour/foot / "F  for  rigid 25 pound pe r  cubic foot polyurethane foams, 
31 pound p e r  cubic foot ABS foams, and 34 pound p e r  cubic foot 
polyethylene foams. 
2 
2 
The compressive strength data indicates that  the 30 pound per  
cubic foot chemically blown foam exhibits its grea tes t  compressive 
strength in a direction perpendicular to the foaming direction when 
tested at - 1 0 0 ° F  and at room temperature .  This wide variation in  
compressive strength,  due to the testing direction, i s  not obvious for 
the 700°F tests., The same  t rend just  described is  generally followed 
by the compressive moduli data. 
obtained at room temperature  (1480 and 3120 ps i )  compare quite 
favorably with room temperature  strength values of 1080, 1880 and 
1730 psi  reported for 30 and 32 pound p e r  cubic foot Imidite 2801 
syntactic foams. l3 The elevated temperature  compressive strength 
values of 1490 and 1450 ps i  for the 30 pound p e r  cubic foot chemically 
blown foams tested at 700°F likewise, can be favorably compared with 
values of 1290,  2 0 1 0  and 1550 ps i  for the same Imidite 2801 syntactic 
foams tes ted at  500°F .  
The compressive strength values 
The limited tensile strength data available indicates that the 
30 pound p e r  cubic foot chemically blown foams appear to have some- 
what similar values at -100°F and room temperature ,  although the 
spread of test  values tends to make a valid comparison of these few 
t e s t s  resul ts  suspect. 
that the tensile strength drops off rapidly at the 7 0 0 ° F  t e s t  condition. 
It can be  very definitely concluded, however, 
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6 ,  SYNTACTIC FOAMS 
The development of nominal 60 pound per  cubic foot syntactic 
foams is presented in the following sections.  
BTDA-EG-DAB res ins  used to  mold the foams is presented in 
Section 6. 1 and the development of the foams descr ibed in Section 6 .2 .  
The character izat ion of the finished foams and conclusions result ing 
f r o m  characterization a r e  presented in Section 6. 3 
The synthesis of the 
6 . 1  RESIN SYNTHESIS 
Since the development of the 60 pound per  cubic foot syntactic 
foam was accomplished with three batches of the tetraester type 
BTDA-EG-DAB res in ,  the synthesis of these three  r e s in  batches is 
described in some detail  in this section. 
Svnthesis of Resin Batch D1516-93 
A large batch of the BTDA-EG te t r aes t e r  was produced by 
adding 2416.8 gm (7. 5 mole) of BTDA to 10 l i t e rs  of hot ethylene 
glycol and s t i r r ing  a t  reflux for  72 hours.  The water  of reaction was 
removed by continuous distillation through a heated Vigreaux column. 
A total of 1330 ml of water-glycol mixture was collected. 
water-glycol mixture had a calculated water  content of 672 ml which 
represents  89 ml of water  of reaction per  mole of BTDA. 
quantity of f r e sh  ethylene glycol was added to the product so that the 
eventual r e s in  produced by reaction with DAB would be a t  a solids 
content of approximately 25 percent. 
solution was  13,660. 5 gm (1821.4 gm/mole) .  
of the e s t e r  was not determined. 
This 
A 1500 ml 
The net weight of the e s t e r  
The carboxyl content 
Five 1.5 molar  batches of BTDA-EG-DAB res in  were  synthe- 
sized f rom this t e t r aes t e r  by adding 321. 5 gm (1. 5 mole) of solid 
DAB to 2732. 1 gm (1. 5 mole) of BTDA-EG es t e r  at reflux under 
argon. 
viscosit ies,  cooled in an  ice bath, and s tored  under argon. The 
reaction data for  the five individual batches are recorded in  Table XII. 
The reaction mixtures  were  refluxed to the desired end point 
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Table XII. Reaction Data for  Resin Batch D1516-93 
Batch 
~ 
D 15 16 - 93A 
D15 16-93B 
D1516-93C 
D1516-93D 
D15 16- 93E 
Reaction Time, 
minutes 
120 
140 
14 5 
14 5 
145 
~~~ 
End Point Viscosity, 
centipoises 
3. 3 
3.4 
3. 2 
3. 3 
3 .  3 
A 7.5 molar  m a s t e r  batch of BTDA-EG-DAB res in  was prepared 
by mixing the five 1. 5 molar  batches a t  room temperature  with stir- 
ring. 
and portions of this r e s in  were  used to mold syntactic foams SF-1  
through SF-10, as described in Section 6 .2 .  
The volume of this large batch was approximately 3-1/2 gallons 
Svnthesis of Resin Batch E1706-19 
A m a s t e r  batch of BTDA-EG e s t e r  was formed by adding 
2416. 8 gm of BTDA (7. 5 mole) to  10 l i t e rs  of hot ethylene glycol and 
heating the reaction mixture to gentle reflux. 
refluxed fo r  76 hours with continuous removal of water  of reaction by 
means of a heated Vigreaux column. The water  removed during the 
reaction was  calculated (from the volume of dist i l late) to  be 79. 3 ml  
water  per  mole of e s t e r  and the resultant e s t e r  was found to have a 
total equivalent percent carboxyl content of 2. 1. Approximately 3 
l i t e r s  of f r e sh  ethylene glycol was added to the product so that the 
r e s in  eventually produced by reaction with DAB would have a solids 
content of 25 percent. 
The mixture was 
The E1706-19 r e s in  was prepared f r o m  the mas te r  batch of 
BTDA-EG es t e r  a s  five equal 1. 5 molar  batches, in the following 
manner:  A 2897. 9 gm (1. 5 mole) quantity of the BTDA-EG e s t e r  
was heated to reflux in argon for  the f i r s t  three runs and to 180°C for  
the l a s t  two runs.  To each of the heated e s t e r  batches, a 321.5 g m  
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(1. 5 mole) quantity of solid DAB was added and the temperature  of the 
reaction mixture brought back to 180°C (after the initial cooling upon 
the addition of DAB). The reaction mixture  temperatures  of the first 
three runs were  brought back up to 180°C rapidly by increasing the 
heat input to the reaction vesse l  while the last two runs were  allowed 
to reach the 180°C reaction temperature  slowly without any increased 
heat input to the reaction vessel.  
a t  180°C until endpoint viscosit ies in the 3-4 centipoise range were  
reached and the reaction discontinued. After completion of the five 
runs,  the r e s in  was blended into a m a s t e r  batch designated E1706-19. 
It was used to mold syntactic foams af te r  the advancement t reatments  
described in Section 6. 2. 
The reactions were  then continued 
Synthesis of Resin Batch E1706-20 
A m a s t e r  batch of BTDA-EG e s t e r  was formed by adding 
1750.6 gm (5.43 mole) of BTDA to 8 l i t e rs  of hot ethylene glycol and 
heating the reaction mixture to gentle reflux. 
refluxed fo r  72 hours with continuous removal of water  of reaction by 
means of a heated Vigreaux column. 
and found to have an  equivalent unreacted carboxyl content of 5. 1. 
A 5500 ml quantity of f r e s h  ethylene glycol was  added to the product 
s o  that the r e s in  produced by reaction with DAB would have a solids 
content of 25 percent. 
The mixture was 
The resultant e s t e r  was analyzed 
The E1706-20 r e s in  was prepared f r o m  the mas te r  batch of 
BTDA-EG e s t e r  as three  1. 5 molar  batches and one 1.2 molar  batch, 
in the following manner:  
heating 2958.6 gm (1.5 mole) of BTDA-EG e s t e r  to  180°C under argon 
and adding 321. 5 gm (1. 5 mole) of DAB with s t i r r ing .  The 1. 2 molar 
batch was made i n  the same  manner ,  except that  259.8 gm (1.2 mole) 
of DAB was added to 2340.2 gm (1. 2 mole) of the BTDA-EG e s t e r  a t  
180°C under argon. 
The 1 . 5  molar  batches were  prepared by 
After completion of the four runs,  the r e s in  batches were  
washed in water and advanced according to the t reatment  described in 
Section 6.2. 
56 
6 . 2  FOAM DEVELOPMENT 
A s e r i e s  of 25 distinct syntactic foam moldings w a s  prepared 
in an attempt to develop a void-free, dense,  uniform syntactic foam 
with a nominal density of 60  pounds per  cubic foot. All foams were  
formula ted  with "3M" brand B35D glass bubbles and BTDA-EG-DAB 
te t raes te r  type resin.  
foams a r e  described in the following sections. 
t i es  of both the cured and postcured foams a r e  summarized in Table 
XIII, along with the molding parameters .  
After the initial studies to determine the feasibility of producing 
The molding pa rame te r s  used to fo rm these 
The physical proper-  
a syntactic foam f r o m  the BTDA-DAB res in  sys tems,  it became 
obvious that the type of r e s in  used and the p re s su re  exerted on the 
foam formulations were  the essent ia l  parameters  to be considered 
during the development of the syntactic foam. 
of the r e s in  a r e  important to minimize void formation, while the 
p re s su re  exerted during molding must  be controlled to avoid crushing 
the glass  bubbles. 
The type and condition 
The initial s e r i e s  of foams were  molded to determine the pro-  
cessing conditions necessary  to produce dense,  uniform, void-free 
syntactic foams with nominal densit ies of 60 pounds per cubic foot. 
The washing, drying and advancement conditions of the res ins  were  
varied to  reduce void formation and enhance foam uniformity. The 
charge weight and bubble/resin rat io  were  varied concurrently in 
order  to bring the finished density of the postcured foams into the 
60  pounds per cubic foot density range. 
The physical propert ies  and processing parameters  of the 
syntactic foams molded during the development program a r e  summa-  
rized in Table XIII. Foams  SF-1 through SF-19 laid the groundwork 
which enabled foams SF-20  through SF-25 to  be molded as homogeneous 
syntactic foams with nominal densit ies of 60 pounds per cubic foot. 
Syntactic foams SF-20, SF-21 and SF-22 were  machined into the 
appropriate specimen configurations fo r  the character izat ion program 
described in Section 6.3. Foams  SF-23, SF-24 and SF-25 were  
57 
machined into twenty 2-inch diameter ,  ten 1-1 / Z  inch diameter  and 
ten 1 inch diameter  test specimens,  individually packaged, and 
shipped to NASA-LRC per  contract  requirements .  
6 . 3  FOAM CHARACTERIZATION 
The character izat ion of the 60  pound per  cubic foot syntactic 
foams involved a continuous evaluation as the development progressed 
and a final evaluation of the physical propert ies  of the optimized 
syntactic foam system. 
The continuous evaluation of the syntactic foams consisted of 
visual observation of the sectioned foams and calculations of the "as 
molded" and postcured densit ies of these foams. 
a r e  included in Table XIII. 
of the "as  molded" and postcured foams was continually monitored to 
determine the behavior of the foam formulation under various proces-  
sing conditions. 
was  attained, a more  uniform product could be achieved. 
These observations 
In addition, the volume percent shrinkage 
It was felt  that, when predictable foam shrinkage 
Initial shrinkage due to the molding cycle of the syntactic foams 
varied considerably due to  the wide variation of r e s i n  t reatment  and 
processing conditions. 
f o r  foams SF-1 through SF-18 varied f r o m  5. 1 to 18.7 percent. 
wide variation in shrinkage was expected in view of the variation in 
visible void content observed when samples  of the unfilled res ins  
The volume percent shrinkage due to molding 
This 
were  cured under similar conditions. 
due to postcure for  foams SF-1 through SF-5  was much more  consist-  
ent, falling between 4. 1 and 4. 5 percent and averaging 4 .4  percent. 
F o a m  SF-8 had a volume percent shrinkage of 11. 9 percent due to  
postcure;  however this value should not be given much weight because 
of the extensive cracking of the molded foam. 
The volume percent shrinkage 
F o a m s  SF-19 through SF-25 were  molded using the processing 
conditions developed during the molding study of the fir s t  eighteen 
foams. 
necessary,  in  a la rge  volume mold, to  f o r m  a uniform, void-free 
60 pound per  cubic foot syntactic foam. 
Foam SF-19 was used to determine the proper charge weight 
This prel iminary foam had 
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an  "as  molded" density of 66.7 pounds per  cubic foot, a postcured 
density of 64.0 pounds per  cubic foot, a volume percent shrinkage due 
to molding of 15. 2 percent,  and a volume percent shrinkage due to 
postcure of 3 .3  percent.  
Syntactic foams SF-20 through SF-25 had "as molded" densit ies 
which var ied between 59.6 and 62. 5 pounds per cubic foot with a n  
average of 61. 1 pounds per  cubic foot while the postcured densities 
varied between 58.2 and 6 0 . 3  pounds per cubic foot with an  average 
of 59.3 pounds per  cubic foot. 
these six foams due to molding varied between 11. 0 and 14.8 percent,  
with an average of 13 .2  percent. 
to postcure varied between 3.0 and 5.2 percent,  with an average of 
4. 3 percent.  
The volume percent shrinkage fo r  
The volume percent shrinkage due 
Syntactic foams SF-20, SF-21 and SF-22 were  machined into 
specimens for tensile strength,  compressive strength,  and thermal  
conductivity tes t s .  
specific heat of the nominal 6 0  pound per cubic foot syntactic foam was 
determined f rom sc raps  of foam SF-22. 
The volume fraction of continuous voids and 
Volume Fract ion of Continuous Voids 
The volume fraction of continuous voids of one-inch cubes of 
syntactic foam SF-22 was determined by the epoxy impregnation 
method described in Section 5. 3. 
nated and the average volume fraction of continuous voids was found to 
be 0.23, with individual values ranging f r o m  0.22 to 0.24. 
row range of values would a t  first appear to indicate an extremely 
uniform ce l l  s t ruc ture  throughout the res in  matrix.  
the t e s t  cubes were  sectioned, i t  became obvious that the foam was so 
dense that the epoxy r e s in  had penetrated only approximately 1 / 8  inch 
of the outer surfaces  of the cubes. 
Four  one-inch cubes were impreg-  
This nar- 
However, when 
To obtain m o r e  meaningful values for  the continuous void deter-  
minations, the specimen configuration was changed f rom one-inch 
cubes to thin s labs  of 0 . 2  inch nominal thickness. By reducing the 
thickness of the 1. 0 inch wide by 1.3 inch long s labs ,  complete 
impregnation by the epoxy r e s in  was accomplished. The average 
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volume fract ion of continuous voids obtained f r o m  four such specimens 
was found to  be 0.36, with individual values ranging f r o m  0.32 to 0.40. 
It is felt  that  the la t te r  values f o r  volume fraction of continuous voids 
a r e  more  reliable because the sectioned specimens showed complete 
impregnation by the epoxy resin.  
Specific Heat 
The specific heat of 60 pound per  cubic foot syntactic foam was 
determined on specimens of foam SF-22 by the method of mixtures  
described in  Section 5.  3. Two runs were  made, one on SF-22 foam which 
had been pelletized into 1 /4  inch cubes and one on powdered SF-22 foam. 
These BTDA-EG-DAB syntactic foams gave specific heat values 
of 0.275 ca lo r i e s /g ram/  "C fo r  the powdered foam and 0.259 ca lor ies /  
g r a m /  "C f o r  the pelletized foam. 
Thermal  Conductivity 
The thermal  conductivities of th ree  3 x 3 x 1 / 8  inch slabs of 
SF-22 syntactic foam were  determined by the Cenco-Fitch method 
described in Section 5. 3. The individual thermal conductivities of 
these three slabs were  1. 20, 1.  50  and 1. 91 BTU/inch/hour/foot /OF 
(4. 1, 5. 2, and 6. 6 x 1 0  ca lo r i e s / cm/sec /cm / "C) ,  which gave an 
average value of 1 . 5 4  BTU/inch/hour/foot / O F  ( 5 . 3  x ca lor ies /  
2 
-4 2 
2 
2 c m / s e c / c m  / " C ) .  
Compressive Strength and Modulus 
The compressive strengths and moduli of 60 pound per cubic foot 
syntactic foam specimens cut f rom foam SF-22  were  determined at 
- 100 O F ,  r oom temperature ,  and 700"F, in accordance with ASTM 
Method D695. Five 1 / 2  inch diameter by one inch long specimens of 
the ma te r i a l  were  tes ted a t  each of the tempera tures  in the pressing 
direction and perpendicular to the pressing direction. 
specimens exhibited shattering f rac tures  some time during application 
of the tes t  load. There was  no well defined yield point evident f r o m  
the load deflection cu rves ;  thus, no attempt was made  to calculate a 
yield strength and the compressive strength values reported in 
Table XIV are "ultimate" values. 
Most of the 
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Table XIV. Compressive Strength and Modulus of Syntactic F o a m  
T e s t  
Temperature ,  
"F  
- 100 
Room 
Tempe r atur e 
~~ 
Average Compressive 
Strength, ps i  
Loaded 
in 
Press- 
ing 
Direc-  
tion 
5730 
403 0 
700 I 3460 
Tensile Strength 
Loaded 
Perpen-  
dicular 
to 
Press- 
ing 
Direc-  
tion 
4940 
3750 
3000 
Average Modulus, 
psi  
Loaded 
in 
Pres sing 
Direction 
5 2.0 x 10  
2 . 2  105 
4 6 . 4 ~  10
Loaded 
Perpen-  
dicuia r 
to  
P r e s  sing 
Direction 
5 2 . 4 x  10  
2.7 105 
~ 
7.8 x l o 4  
The tensile strengths of six "dogbone" specimens of 60 pounds 
per  cubic foot syntactic foam specimens were  determined according to  
ASTM Method D651 at -100"F, room temperature ,  and 700°F. Two 
specimens of the mater ia l  were  tested at each of the three tempera-  
tu res .  These tes t s  indicated a wide spread of values;  thus, the indi- 
vidual values as well as the average of the two specimens is recorded 
in Table XV. 
specimens f r o m  two different foams (SF-20 and SF-21) of different 
density. 
(60. 3 pounds per  cubic foot versus  59. 8 pounds pe r  cubic foot), the 
strength values of specimens f r o m  billet SF-20 were  consistently 
higher at all t e s t  temperatures .  
in t e s t  data is due to billet-to-billet variation. 
Some of the variation may  be the result of obtaining 
Although the densities of these two billets were  ve ry  similar 
Thus, it is probable that the spread 
Conclusions 
The volume fract ion of continuous voids for  the 60 pound per  
cubic foot syntactic foams averaged 0. 3 6 ,  which i s  approximately half 
the open cell  charac te r  of the 30  pound per cubic foot chemically blown 
6 3  
Table XV. Tensile Strength of Syntactic Foam 
Tes t  
Tempe r atur e ,  
"F  
-100 
Individual Specimen Average 
Test  Values, psi Tensile 
Foam SF-20 Foam SF-21 Strength, 
psi  Specimens Specimens 
1770 1180 1475 
Room 
Temp e r atur e 
700 
1610 
1000 570 785 
83 0 1220 
foams. 
per  cubic foot syntactic foam i s  probably a resu l t  of the increased 
r e s in  m a s s  of the higher density foam and the f i l l e r  effect of the glass 
bubbles. 
This decreased  fraction of continuous voids in the 60 pound 
The specific heat of the 60 pound per  cubic foot syntactic foams 
averaged 0. 27 ca lo r i e s /g ram/  "C, which i s  identical to the specific 
heat determined for the chemically blown foams. The s imilar i ty  of 
the specific heats i s  t o  be expected since glass  bubbles a l so  have a 
value of 0. 27 ca lo r i e s /g ram/  "C. 
The the rma l  conductivity of the 60 pound per cubic foot syntactic 
c a l o r i e s / c m / s e c / c m  /"C (1.54 BTU/inch/ -4  2 
2 -4 2 
foams averaged 5 .3  x 10 
hour/foot / O F )  a s  compared to  2. 3 x 10 c a l o r i e s / c m / s e c / c m  /"C 
(0 .66  BTU/inch/hour/foot / O F )  for the 30  pound per  cubic foot chem- 
ically blown foams. 
value of 0.8 BTU/inch/hour/foot  / O F .  
conductivity of the syntactic foam i s  probably a function of both 
increased r e s in  m a s s  and the m a s s  of the glass bubble fi l ler .  This 
t he rma l  conductivity value fo r  the 60 pound per cubic foot syntactic 
2 foam compares  favorably with t h e  0. 87 BTU/inch/hour/foot / O F  value 
reported for a 44 pound per  cubic foot density epoxy-glass bubble 
syntactic foam. 
2 
The glass bubbles have a the rma l  conductivity 
2 Thus, the increased the rma l  
64 
The compressive strength data indicates that the 60 pound per 
cubic foot syntactic foam exhibits i ts  g rea tes t  compressive strength in 
the direction of applied molding pressure .  
per cubic foot foam exhibits the grea tes t  compressive strength a t  the 
lowe s t te s t  tempe rature .  
In addition, the 60 pound 
The limited tensile strength data available indicates that  the 
60 pound pe r  cubic foot syntactic foam has the grea tes t  average tensile 
strength a t  the lowest t e s t  temperature .  
spread of t e s t  data for individual specimens a t  the same t e s t  t empera-  
tu re ,  probably due to  billet-to-billet variation. 
tensile strength values of the higher density SF-20  specimens (60. 3 
pound per  cubic foot) a r e  consistently higher than the strength values 
of the lower density SF-21 specimens (59 .8  pound per  cubic foot). 
This may be a coincidence o r  may  indicate the tensile strength of the 
syntactic foams is ve ry  sensitive to  the density of the material .  
ever ,  any conclusion based upon single specimen data could not be 
c onside red reliable. 
There i s  a considerable 
It appears  that  the 
How- 
The properties of the 30 pound chemically blown foam and the 
6 0  pound syntactic foam a r e  summarized and compared in Table XVI. 
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Table XVI.  Summary of Pyr rone  F o a m  Proper t ies  
P rope r ty  
Compressive Strength (psi)  
Loaded in  Foaming (Press ing ) 
Direct ion 
- 1 O O O F  
Room Tempera ture  
700°F 
Loaded Perpendicular to  Foaming 
(P res s ing )  Direction 
- 1 O O O F  
Room Tempera ture  
700°F 
Compressive Modulus (psi)  
Loaded in  Foaming (P res s ing )  
Direction 
- 1 O O O F  
Room Tempera ture  
700°F 
Loaded Perpendicular to Foaming 
(P res s ing )  Direction 
- 1 O O O F  
Room Temperature  
700°F 
Tensile Strength (psi)  
- 1 O O O F  
Room Temperature  
700°F 
Volume Frac t ion  of Continuous Voids 
Thermal  Conductivity 
(cal/cm/sec/cm2/°C) 
Specific Heat (cal/gm/OC) 
30 lb/cu f t  
Chemically 
Blown Foam 
1720 
1480 
1490 
2000 
3120 
1450 
5 0 . 9 ~ 1 0  
1.OxlO 5 
4 2 . 5 ~ 1 0  
1.OxlO 5 
5 
4 
1 . 3 ~ 1 0  
6 . 2 ~ 1 0  
500 
610 
27 0 
0.66 
2. ~ X I O - ~  
0. 27 
60 lb/cu f t  
Syntactic 
F o a m  
5730 
4030 
3460 
4940 
37 50 
3000 
5 
5 
4 
2.0xlO 
2.2xlO 
6 . 4 ~ 1 0  
5 
5 
4 
2 . 4 ~ 1 0  
2 . 7 ~ 1 0  
7 . 8 ~ 1 0  
1475 
1220 
785 
0.36 
5. 3 x N 4  
0. 27 
66 
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